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ABSTRACT 40 
We report the characterization of the Arabidopsis 3-hydroxyacyl-acyl carrier protein 41 
(ACP) dehydratase (mtHD) component of the mitochondrial fatty acid synthase (mtFAS) 42 
system, encoded by AT5G60335. The mitochondrial localization and catalytic capability 43 
of mtHD were demonstrated with a green fluorescent protein (GFP) transgenesis 44 
experiment, and by in vivo complementation and in vitro enzymatic assays. RNAi 45 
knockdown lines with reduced mtHD expression exhibit traits typically associated with 46 
mtFAS mutants, namely a miniaturized morphological appearance, reduced lipoylation of 47 
lipoylated proteins, and altered metabolomes consistent with the reduced catalytic 48 
activity of lipoylated enzymes. These alterations are reversed when mthd-rnai mutant 49 
plants are grown in a 1% CO2 atmosphere, indicating the link between mtFAS and 50 
photorespiratory deficiency due to the reduced lipoylation of glycine decarboxylase. In 51 
vivo biochemical feeding experiments illustrate that sucrose and glycolate are the 52 
metabolic modulators that mediate the alterations in morphology and lipid accumulation. 53 
In addition, both mthd-rnai and mtkas mutants exhibit reduced accumulation of 3-54 
hydroxytetradecanoic acid (i.e. a hallmark of lipid A-like molecules) and abnormal 55 
chloroplastic starch granules; these changes are not reversible by the 1% CO2 56 
atmosphere, demonstrating two novel mtFAS functions that are independent of 57 
photorespiration. Finally, RNA-Seq analysis revealed that mthd-rnai and mtkas mutants 58 
are near equivalent to each other in altering transcriptome, and these analyses further 59 
identified genes whose expression is affected by a functional mtFAS system, but 60 
independent of photorespiratory deficiency. These data demonstrate the non-redundant 61 
nature of the mtFAS system, which contributes unique lipid components needed to 62 
support plant cell structure and metabolism. 63 
 64 
INTRODUCTION 65 
Plant cells utilize at least three different fatty acid forming systems, which occur in 66 
multiple subcellular compartments: plastids, the membranes of the ER, and mitochondria 67 
(Ohlrogge and Jaworski, 1997, Samuels et al., 2008, Wada et al., 1997). Plastidial 68 
(ptFAS) and mitochondrial (mtFAS) fatty acid synthase systems form fatty acids de novo, 69 
whereas the ER-localized fatty acid elongase (FAE) system utilizes preexisting acyl-CoA 70 
precursors to synthesize very-long-chain fatty acids (VLCFAs) of 20-carbons and longer 71 
(James et al., 1995). The ptFAS system generates the bulk of a plant cell’s fatty acids 72 
from acetyl-CoA, and these fatty acids serve as precursors for the assembly of acyl-73 
lipids that constitute membrane lipids (e.g. phospholipids and glycoglycerolipids), 74 
storage lipids (e.g. triacylglycerol (TAG)) and signaling lipids (e.g. sphingolipids, 75 
phosphatidylinositols and oxylipins) (Li-Beisson et al., 2013, Benning, 2009). The 76 
VLCFAs generated by the FAE system can be incorporated into a variety of lipids, 77 
including surface cuticular lipids (Samuels et al., 2008), the ceramide moiety of 78 
sphingolipids (Markham et al., 2013), and in discreet quantities in some glycerolipids 79 
(Millar et al., 1998). 80 
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The mtFAS system appears to use free malonic acid as the substrate (Guan and Nikolau, 81 
2016) to primarily generate octanoyl-acyl carrier protein (ACP), which is the required 82 
precursor for the biosynthesis of lipoic acid (Yasuno and Wada, 1998, Wada et al., 2001, 83 
Gueguen et al., 2000). Lipoic acid is the cofactor that is essential for pyruvate 84 
dehydrogenase (PDH), α-ketoglutarate dehydrogenase (KGDH), branched-chain α-85 
ketoacid dehydrogenase (BCKDH), and the glycine decarboxylase complex (GDC) 86 
(Taylor et al., 2004). To date, alternate functions for the mtFAS system have not been 87 
demonstrated, although its role in detoxifying mitochondrial malonic acid (Guan and 88 
Nikolau, 2016) and in remodeling cardiolipins (Frentzen and Griebau, 1994, Griebau and 89 
Frentzen, 1994) have been suggested. 90 
Based on the characterization of three Arabidopsis mtFAS enzymatic components (i.e. 91 
mitochondrial β-ketoacyl-ACP synthase (mtKAS) (Yasuno et al., 2004, Olsen et al., 2004, 92 
Ewald et al., 2007), phosphopantetheinyl transferase (mtPPT) (Guan et al., 2015) and 93 
malonyl-CoA synthetase (mtMCS) (Guan and Nikolau, 2016)), it appears that the plant 94 
mtFAS system resembles the Type II FAS system that occurs in bacteria and plant 95 
plastids (White et al., 2005, Ohlrogge and Jaworski, 1997). Type II FAS systems recruit 96 
ACP as the carrier of the intermediates of the process and utilize dissociated, mono-97 
functional enzymes to catalyze the iterative reactions that produce fatty acids (Hiltunen 98 
et al., 2010). This contrasts with the Type I FAS that occurs in the cytosol of fungi, 99 
mammals and some bacteria, where a multifunctional protein that contains all of the 100 
catalytic centers required for fatty acid biosynthesis iteratively catalyzes the formation of 101 
fatty acids from acetyl-CoA and malonyl-CoA (Smith et al., 2003).  102 
Here, we report the identification and characterization of a gene encoding the 103 
mitochondrial 3-hydroxyacyl-ACP dehydratase (mtHD) that catalyzes the third of the four 104 
iterative reactions that constitute the mtFAS cycle. Systematic investigations (i.e. 105 
biochemical, morphological, metabolomic and transcriptomic analyses) confirm its role in 106 
mtFAS and the important role this process has in supporting photorespiration. Moreover, 107 
these characterizations identify additional novel mtFAS functions in supporting the 108 
assembly of lipid A-like molecules and an unexpected function in maintaining 109 
chloroplastic starch granule morphology. 110 
 111 
  112 
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RESULTS 113 
Biochemical identification of AT5G60335 as the Arabidopsis mtHD component 114 
Sequence-based identification of a candidate plant mtHD gene is somewhat complex 115 
because the two well characterized mtHD homologs from yeast (Kastaniotis et al., 2004) 116 
and humans (Autio et al., 2008b) share heterogeneous and low sequence similarity with 117 
many genes from Plantae. For example, BLAST analysis with the yeast HTD2 sequence 118 
failed to identify any significant Arabidopsis homolog (e-value > 3.9), whereas parallel 119 
analysis with the human HsHTD2 identified a single mtHD candidate AT5G60335 (e-120 
value = 3e-17) (Figure 1).  121 
The AT5G60335 protein coding sequence (CDS) was cloned with an RT-PCR strategy 122 
using an RNA template isolated from aerial organs of young Arabidopsis seedlings. This 123 
CDS encodes a protein of 166 amino acids, which contains an N-terminal 25 residue 124 
segment that is not homologous with human HsHTD. This N-terminal sequence is rich in 125 
basic amino acids and lacks acidic residues (Figure 1), these being characteristics 126 
typical of mitochondrial targeting presequence elements. The AT5G60335-encoded 127 
protein is predicted to be mitochondrially localized by MitoProt II (24 N-terminal residues 128 
with a score of 0.9957) (Claros and Vincens, 1996), PSORT (with a score of 0.751) 129 
(Nakai and Horton, 1999), and Target P (17 N-terminal residues with a score of 0.680) 130 
(Nielsen et al., 1997, Emanuelsson et al., 2000). 131 
The AT5G60335 CDS was expressed in the yeast htd2 mutant strain that lacks a 132 
functional mtHD enzyme. This strain cannot grow on glycerol as sole carbon source due 133 
to a respiratory deficiency (Kastaniotis et al., 2004). In this experiment the putative 134 
mitochondrial targeting presequence (24 residues) of the AT5G60335 protein was 135 
replaced by the mitochondrial presequence of the yeast COQ3 protein (Hsu et al., 1996) 136 
to ensure the correct mitochondrial localization of the AT5G60335 protein in yeast.  137 
As illustrated in Figure 2, neither the empty plasmid control nor the COQ3 mitochondrial 138 
targeting element are capable of rescuing the growth deficiency of the htd2 mutant strain 139 
on glycerol, but both the native yeast HTD2 gene and AT5G60335 CDS restored the 140 
growth of the yeast strain on glycerol media. This experiment therefore establishes that 141 
the AT5G60335 gene codes for a function that overcomes the deficiency in 3-142 
hydroxyacyl-ACP dehydratase activity that is capable of generating acyl-ACP that is 143 
used to synthesize lipoic acid in yeast. 144 
In vitro characterization of the enzymatic activity of the AT5G60335-coding protein  145 
The E. coli produced recombinant AT5G60335-coding protein was assayed for the ability 146 
to catalyze the 3-hydroxyacyl-ACP dehydratase activity. As with 3-hyroxyacyl-ACP 147 
dehydratases characterized from a variety of different Type II FAS systems (Kastaniotis 148 
et al., 2004, Autio et al., 2008b, Autio et al., 2008a), this reaction was assayed in the 149 
reverse direction, namely the hydration of enoyl-CoA substrates. In addition, this assay 150 
was used to determine the substrate specificity of the enzyme in relation to the acyl 151 
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chain length of the substrate, and these data were compared to the specificity of mtKAS 152 
enzyme.  153 
Two enoyl-CoA thioesters (i.e. trans-Δ2-10:1-CoA and trans-Δ2-16:1-CoA) were 154 
chemically synthesized as substrates for these assays (Supplemental Figure 1A), and 155 
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eight different acyl-ACP thioesters (with 4:0, 6:0, 8:0, 10:0, 12:0, 14:0, 16:0, and cis-Δ9-156 
16:1 acyl moieties) were synthesized as substrates for the mtKAS assays (Supplemental 157 
Figure 1B). Both enzymes exhibited classical hyperbolic Michaelis-Menten activity 158 
responses to increasing concentrations of each tested substrate, and Km and Vmax values 159 
were calculated for each substrate-enzyme combination (Figure 3). The AT5G60335-160 
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coding protein has the capability to catalyze the expected hydration of the enoyl-CoA 161 
thioesters, and catalytic efficiencies (kcat/Km) for the medium-chain substrate (trans-Δ2-162 
10:1-CoA) is similar to the long-chain substrate (trans-Δ2-16:1-CoA) (Figure 3A). 163 
Similarly, mtKAS is able to use saturated acyl-ACP thioesters of between 4- and 16-164 
carbon acyl chains as substrates, but its activity with the unsaturated substrate (cis-Δ9-165 
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16:1-ACP) was barely detectable (Figure 3B). The catalytic efficiency of mtKAS with 166 
different saturated acyl-ACP substrates (evaluated by kcat/Km) is ranked in the following 167 
orders: 16:0 > 14:0 > 6:0 > 8:0 > 10:0 > 12:0 > 4:0. This ranking is affected by 168 
differences in both Km and Vmax with each substrate. These characterizations indicate 169 
that plant mtFAS enzymes have the ability to synthesize saturated fatty acids of up to 170 
18-carbon chain length. 171 
Mitochondrial localization of the AT5G60335 gene product 172 
The subcellular localization of the AT5G60335 protein was experimentally determined in 173 
Arabidopsis with a green fluorescent protein (GFP)-tagged transgenic fusion protein. In 174 
this experiment, the DNA fragment encoding the N-terminal 40-residues of the 175 
AT5G60335 protein was tested for its ability to target GFP to a specific organelle. Figure 176 
4 shows confocal micrographs of roots and leaf mesophyll cells of the resulting GFP 177 
transgenic plants. In roots MitoTracker Orange was applied as the mitochondrial marker 178 
and it was simultaneously recorded with GFP fluorescence, while in mesophyll cells 179 
chlorophyll auto-fluorescence was used as a chloroplastic marker. In plants carrying the 180 
p35S::AT5G60335-GFP transgene, GFP signals were obtained from both roots and leaf 181 
mesophyll cells in a distinct pattern that indicates localization in organelles. This GFP 182 
feature overlaps with the MitoTracker Orange in roots, but is distinct from the leaf 183 
chlorophyll auto-fluorescence, revealing that the AT5G60335-GFP fusion protein is 184 
mitochondrially localized. In control experiments, no GFP fluorescence was detectable in 185 
roots and mesophyll cells of the wild-type plants; in transgenic plants carrying a non-186 
targeted GFP construct (i.e. p35S::GFP), the GFP fluorescence localizes to the cytosol 187 
and nucleus, which is consistent with previous reports (Guan et al., 2015).  188 
In combination therefore, these sets of experiments presented in Figures 1-4 lead us to 189 
the conclusion that AT5G60335 encodes the mitochondrial 3-hydroxyacyl-ACP 190 
dehydratase (mtHD) enzyme, and this organelle targeting process is guided by the N-191 
terminal 40-residue leader sequence. Furthermore, the enzyme kinetic data reveal that 192 
in Arabidopsis, mtHD and mtKAS do not restrain the mtFAS system from synthesizing 193 
long-chain saturated fatty acids, of up to 18 carbons in length. This contrasts with other 194 
characterized eukaryotic mtFAS systems, where the substrate specificity of either mtHD 195 
(Autio et al., 2008a) or mtKAS (Zhang et al., 2005) constrain the system to produce fatty 196 
acids of 12 carbon atoms and shorter. 197 
Expression patterns of mtHD and mtKAS in different Arabidopsis organs 198 
The spatial and temporal expression pattern of the mtHD gene was determined by 199 
quantitative RT-PCR, and these data were directly compared to the other well-200 
characterized mtFAS gene, mtKAS (AT2G04540). Quantitative RT-PCR analysis of RNA 201 
preparations extracted from different organs shows that the two mtFAS genes exhibit 202 
parallel expression patterns. The expression of both mtHD and mtKAS genes occur in all 203 
organs tested (Figure 5), with an approximately 3-fold difference between the highest (i.e. 204 
flowers) and lowest (i.e. siliques) levels of expression. These near ubiquitous expression 205 
patterns of the mtHD and mtKAS genes are consistent with the microarray data 206 
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visualized by the Arabidopsis eFP Browser (Winter et al., 2007, Schmid et al., 2005), 207 
and are also comparable with the expression pattern of other already characterized 208 
mtFAS components, such as the mtPPT (Guan et al., 2015) and mtMCS (Guan and 209 
Nikolau, 2016) genes. 210 
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Morphological alterations associated with mthd-rnai and mtkas mutations 211 
The physiological significance of the mtHD gene was investigated by studying 212 
segregants identified among a family of plants generated from an Arabidopsis genetic 213 
stock that carries a T-DNA-tagged mutant allele (mthd-1) in the heterozygous state 214 
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(CS856112, which is the only T-DNA insertion line available; http://signal.salk.edu). 215 
These characterizations demonstrated that the T-DNA-tagged mutant is not a null allele, 216 
and there was no obvious phenotypic difference between wild-type plants and those that 217 
were homozygous for the mthd-1 allele (Supplemental Figure 2).  218 
As an alternative therefore, we generated RNAi transgenic plants, which express a 219 
suppressor of the mtHD gene, under the control of the 35S promoter. Seventy-eight 220 
independent RNAi lines were recovered, and quantitative RT-PCR analysis determined 221 
the levels of remaining mtHD transcript in the aerial organs of young seedlings at 16 222 
days after imbibition (DAI). Two RNAi lines that exhibit the lowest mtHD expression 223 
levels (3% and 4% of the wild-type levels) were designated as mthd-rnai-1 and mthd-224 
rnai-2 strains, respectively, and these were used in subsequent analyses. These two 225 
mutant strains exhibit aerial organs that are significantly reduced in size as compared to 226 
the wild-type plants, and their developmental appearance was classified according to the 227 
systematic system developed by Boyes et al. (Boyes et al., 2001). Thus, at 16 DAI these 228 
mutant plants develop to stage 1.06 (i.e. exhibiting 6 rosette leaves that are longer than 229 
1 mm in length), whereas the wild-type plants develop to stage 1.07, within the same 230 
time-period (i.e. exhibiting 7 rosette leaves that are longer than 1 mm in length) (Figure 231 
6A).  232 
When these mthd-rnai mutant plants were grown in an atmosphere containing 1% CO2 233 
they grew near normally (Figure 6A). The phenotypic reversal in the elevated CO2 234 
atmosphere is typical of photorespiratory deficiency (Somerville and Ogren, 1979); the 235 
elevated CO2 levels inhibiting the oxygenation reaction of ribulose-1,5-bisphosphate 236 
carboxylase/oxygenase, and thus reducing the levels of 2-phosphoglycolate, the starter 237 
metabolite of photorespiration. Furthermore, this phenotype is also conferred by 238 
mutations in other mtFAS components (e.g. mtkas (Ewald et al., 2007), mtppt-rnai (Guan 239 
et al., 2015), and aae13 (Guan and Nikolau, 2016)).  240 
To test any additive effect of mutations in the mtHD- and mtKAS-catalyzed reactions, we 241 
generated double mutant stocks by transforming the mtkas-2 mutant line with the 242 
p35S::mtHD-RNAi transgene. We recovered 41 independent transformants, and 243 
selected two lines that display the lowest mtHD expression levels (8% and 11 % of the 244 
wild-type level, respectively) for additional analysis. In ambient air the double mutant 245 
lines exhibit a stronger growth defect as compared to the mtkas-2 parental plants. In our 246 
experimental conditions, at 16 DAI the growth of these double mutants is arrested at 247 
stage 1.02 (i.e. exhibiting 2 rosette leaves), whereas the mtkas-2 mutant plants develop 248 
to stage 1.05 (i.e. exhibiting 5 rosette leaves) (Figure 6B). In addition, these double 249 
mutant plants do not progress any further in development and eventually die, which 250 
contrasts with the situation with the mtkas-2 mutant, which progresses to maturity, 251 
although at a slower rate than the wild-type plants, and ultimately set seeds. When 252 
grown in the 1% CO2 atmosphere, the growth of these double mutants is reversed to 253 
near wild-type appearance, and these plants develop to stage 1.06 by 16 DAI (Figure 254 
6B).  255 
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Chloroplast alterations associated with mthd-rnai and mtkas mutations 256 
More detailed insights into the growth phenotype of mthd-rnai and mtkas mutants were 257 
obtained by examining leaves of these mutants by light microscopy and by transmission 258 
electron microscopy. These observations illustrate the distinct differences in the leaf cell 259 
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morphology and ultrastructure between the wild-type plants and the mutants (Figure 7A). 260 
Specifically, when these plants are grown in ambient air, mesophyll cells are enlarged in 261 
the mutants, making the leaves thicker than the wild-type plants. Despite the fact that 262 
these mutants lack a mitochondrial biochemical function, the ultrastructure of this 263 
organelle is unaffected. The most dramatic ultrastructural alterations in the mutants are 264 
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associated with chloroplasts. Thylakoid membrane assembly is affected by the 265 
mutations, with the thylakoid structures being sparser and less extensive. Furthermore, 266 
starch granule ultrastructure appears to be drastically altered in the mutant lines, with 267 
many small granules present; this compares to the typical 2-5 disc shaped structures 268 
that occur in the wild-type plants.  269 
Most of these alterations in the leaf cell morphology and ultrastructure of the mutants (i.e. 270 
cell size, and thylakoid membrane) are reversed when the mutant plants are grown in 271 
the 1% CO2 atmosphere (Figure 7B). The exception to this morphological reversal is the 272 
ultrastructure of the starch granules, which maintain the abnormal morphology as 273 
observed when the plants were grown in ambient air. 274 
Altered protein lipoylation states associated with mthd-rnai and mtkas mutations 275 
Mitochondrial lipoic acid biosynthesis is primed with octanoyl-ACP generated by the 276 
mtFAS system (Ewald et al., 2007). We therefore examined the protein lipoylation states 277 
of different enzymes in the mtFAS mutants (i.e. mthd-rnai, mtkas-2, and mtkas-2-mthd-278 
rnai mutants). Using a western blot procedure with anti-lipoic acid antibodies we 279 
examined the lipoylation states of H subunit of GDC, E2 subunits of mitochondrial PDH 280 
and KGDH and plastidial PDH (Ewald et al., 2007, Guan et al., 2015) (Figure 8). Plants 281 
were grown in the 1% CO2 atmosphere to eliminate any bias due to the morphological 282 
appearance associated with the mutant alleles. Sodium dodecyl sulfate-polyacrylamide 283 
gel electrophoresis (SDS-PAGE) analysis of protein extracts does not indicate any 284 
dramatic differences in the expressed proteomes of these mutant plants. The most 285 
dramatic alteration in the lipoylation states of these proteins was associated with H 286 
subunit of GDC, which is depleted to about 10% of wild-type levels in the mthd-rnai 287 
mutants, and is undetectable in the mtkas-2 mutant, and mtkas-2-mthd-rnai double 288 
mutant strains. The dramatic depletion in the lipoylation status of this protein does not 289 
affect the accumulation of the H protein itself, as indicated by the measurements made 290 
using anti-H protein antibodies. Therefore, these plants harbor a large pool of inactive 291 
apo-H subunit of GDC.   292 
These immuno-based lipoic acid analyses also identified that the lipoylation status of 293 
other mitochondrial lipoylated proteins is also reduced in these mutant plants; these are 294 
decreased to as low as 30% of the wild-type level (i.e. E2 subunit of KGDH in the mtkas-295 
2-mthd-rnai double mutants). In all of these mutants, the lipoylation status of the E2 296 
subunit of plastidial PDH was unaffected. 297 
Metabolomic alterations associated with mthd-rnai and mtkas mutations 298 
Using multiple analytical platforms, the metabolomes of the mthd-rnai and mtkas 299 
mutants were analyzed and compared to wild-type plants. These analyses quantified 300 
143 metabolites in aerial organs, and these metabolites were categorized as aqueous 301 
metabolites, fatty acids, lipids, surface cuticular lipids, and starch granule components. 302 
The metabolomes of these mutants and wild-type plants were determined when they 303 
were grown in either ambient air, when the growth phenotype associated with the 304 
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photorespiratory deficiency is expressed, or grown in the 1% CO2 atmosphere, when the 305 
photorespiratory growth phenotype is suppressed (Figure 9 and Supplemental Figure 3).  306 
In ambient air, the most dramatic metabolic alteration in aqueous metabolites is a 70- to 307 
150-fold hyperaccumulation of glycine. Several additional aqueous metabolites exhibit 308 
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significant, but smaller increases in accumulation, of between 25% and 4-fold of the wild-309 
type levels. In contrast, sucrose is depleted to between 5% and 12% of the level present 310 
in the wild-type plants. 311 
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All of these mutant plants exhibit significantly reduced levels of saponifiable fatty acids 312 
(e.g. 16:1, 16:2, and 16:3) that constitute membrane lipids. Consistent with the reduction 313 
in the accumulation of these fatty acids, the levels of the major leaf glycoglycerolipids (i.e. 314 
monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG) and 315 
sulfoquinovosyl diacylglycerol (SQDG)) are markedly reduced to below 80% of the wild-316 
type levels. Chlorophyll content is also reduced to below 80% of the wild-type level, as 317 
would be expected from the yellowish appearance of the mutant plants. In addition, the 318 
accumulation of most surface cuticular lipids is significantly reduced in these mutants. In 319 
contrast however, TAG hyperaccumulates to above 5-fold of the wild-type level.  320 
Alterations in the accumulation of phospholipids (i.e. phosphatidylcholine (PC), 321 
phosphatidylethanolamine (PE), phosphatidylglycerol (PG), and phosphatidylinositol (PI)) 322 
and diacylglycerol (DAG) are barely detectable. In addition, the quantities of insoluble 323 
starch and water-soluble glucose polysaccharide (WSP) were compared between the 324 
wild-type and mutant plants. Despite the difference in starch granule morphology 325 
observed by transmission electron microscopy, the total quantity of starch and WSP was 326 
essentially unchanged in the mutants. 327 
These alterations in the metabolome appear to be a consequence of the deficiency in 328 
photorespiration, because most of these are reversed when the mutant plants are grown 329 
in a condition that inhibits photorespiration (i.e. the 1% CO2 atmosphere). An exception 330 
is glycine, which although is significantly reduced when these mutant plants are grown in 331 
the 1% CO2 atmosphere, it is still 15- to 50-fold higher than that in the wild-type plants.  332 
We also compared the aqueous metabolite profiles between the mtkas-2-mthd-rnai 333 
double mutant and their parental mtkas-2 mutant plants. Whereas malonate levels are 334 
unaffected in the mtkas-2 or mthd-rnai single mutants (Figure 9), it is elevated by 3-fold 335 
in the double mutant (Supplemental Figure 4), even when these plants are grown in the 336 
1% CO2 atmosphere, which suppresses photorespiration. This elevation in malonate 337 
levels, and associated growth penalty resembles the situation in the aae13-1 mutant 338 
(Guan and Nikolau, 2016), which cannot activate malonate to malonyl-CoA. Therefore, 339 
the reduced size of the mtkas-2-mthd-rnai double mutants maybe associated with 340 
malonate toxicity (Guan and Nikolau, 2016), a known inhibitor of succinate 341 
dehydrogenase activity (Quastel and Wooldridge, 1928, Greene and Greenamyre, 1995). 342 
Biochemical Mimics of the mutant effect on the morphology and metabolome 343 
Based on the observation that growing the mthd-rnai and mtkas mutant plants in 344 
an elevated CO2 atmosphere suppresses the changes in morphology and 345 
metabolome, we considered that some of these genetic deficiency effects are 346 
secondary to the deficiency in photorespiration. We hypothesized for example that 347 
the alterations in morphology and lipids are a result of the alterations in the steady 348 
state levels of soluble metabolites that are intermediates of photorespiration. This 349 
postulate was tested by exogenously feeding these photorespiration intermediates 350 
to the wild-type and mtkas mutant plants, and testing whether these biochemicals 351 
complement or mimic the mtkas mutation. Specifically, we targeted the effects of 352 
 www.plantphysiol.orgon August 8, 2017 - Published by Downloaded from 
Copyright © 2017 American Society of Plant Biologists. All rights reserved.
 18
treating plants with sucrose, glycolate, and glycine; the metabolites associated with 353 
photorespiration, whose accumulation is either down- or up-regulated by the 354 
mutations. 355 
By growing the wild-type and mtkas-2 mutant plants on media supplemented with 3% 356 
sucrose, we tested whether the mtkas-induced reduction in sucrose accumulation 357 
was the cause of the alterations in morphology and lipids. First, as indicated by 358 
directly assaying the sucrose content of the tissue, we showed that these plants 359 
take up the exogenously supplied sucrose (Supplemental Figure 5C), and the 360 
sucrose depletion that occurs in the mtkas mutant plants is significantly alleviated, 361 
reaching about 30% of the level obtained in the sucrose-treated wild-type plants. 362 
The sucrose-supplementation markedly relieves the dwarf phenotype and the 363 
yellowish leaf color of the mtkas mutant plants (Supplemental Figure 5A). In 364 
addition, externally added sucrose reverses the mtkas-induced alteration in the 365 
ultrastructure of the thylakoid membrane system (Supplemental Figure 5B). 366 
Moreover, the sucrose treatment effectively complements the alterations in the 367 
profiles of fatty acids, glycoglycerolipids and chlorophylls (Supplemental Figure 5C). 368 
In contrast, exogenous sucrose does not reverse the enlarged mesophyll cells, 369 
abnormal starch grains and hyperaccumulation of TAG in the mtkas-2 mutant. 370 
These results demonstrate therefore that sucrose depletion in the mtkas-2 mutant 371 
contributes to the morphological phenotype (i.e. stunted growth, defective thylakoid 372 
membrane system and loss of chlorophylls) and the alterations in 373 
glycoglycerolipids. 374 
In corollary experiments we evaluated the effect of other exogenous biochemicals 375 
(specifically 10 mM glycolate and glycine) on the wild-type plants to test whether 376 
the mtkas-induced hyper-accumulation of these photorespiratory intermediates are 377 
the cause of the morphological phenotype and of the altered lipidome in the 378 
mutants. These exogenously provided biochemicals appear to have been taken up 379 
by the plants as evidenced by the 4-fold increase in glycolate tissue levels in the 380 
glycolate-treated plants (Supplemental Figure 5C); these elevated levels are 381 
similar to those measured in the mthd-rnai and mtkas mutant plants. The 382 
application of exogenous glycolate leads to a dramatic dwarf appearance with 383 
dark-green leaf color (Supplemental Figure 5A). In addition, this treatment 384 
increases the number of large starch granules in the chloroplasts (Supplemental 385 
Figure 5B). In parallel, these plants also exhibit about a 6-fold increase in TAG 386 
accumulation (Supplemental Figure 5C). These metabolic changes resemble those 387 
observed in the mthd-rnai and mtkas mutant plants, which also hyperaccumulate 388 
glycolate. In contrast, glycolate does not affect the accumulation of other portions 389 
of the tested plant lipidome in a pattern that resembles the mthd-rnai and mtkas 390 
mutants.  391 
The contribution of glycine to the alterations in morphology and lipidome is somewhat 392 
more difficult to adjudicate, as the exogenous application of glycine to the wild-type 393 
plants only leads to an increase of the endogenous glycine levels by about 5-fold, which 394 
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is considerably lower than the over 70-fold hyperaccumulation that occurs in the mthd-395 
rnai and mtkas mutants. Moreover, when the mtkas mutant phenotype is suppressed by 396 
growth in the 1% CO2 atmosphere, endogenous glycine levels are still 15-fold higher 397 
than those that occur in the wild-type plants. It appears therefore that glycine 398 
hyperaccumulation is only a small contributor to those alterations in morphology and 399 
lipidome. 400 
Depleted 3-hydroxytetradecanoic acid associated with mthd-rnai and mtkas 401 
mutations 402 
In addition to the metabolic alterations discussed above, we also identified two novel 403 
fatty acids in Arabidopsis, namely 3-hydroxytetradecanoic acid and 3-404 
hydroxyhexadecanoic acid (Supplemental Figure 6A). These are components that have 405 
long been known to be associated with Gram-negative bacterial lipid A (Raetz et al., 406 
2007), and recently described with Arabidopsis lipid A-like molecules (Li et al., 2011). 407 
While the accumulation of 3-hydroxyhexadecanoic acid is unaffected in the mthd-rnai 408 
and mtkas mutant plants, the accumulation of 3-hydroxytetradecanoic acid is depleted to 409 
between 20% and 30% of the wild-type level, irrespective of the atmospheric conditions 410 
that affect photorespiration (Figure 9 and Supplemental Figure 3). 411 
To clarify the metabolic origin of 3-hydroxytetradecanoic acid, we assayed its 412 
accumulation in two mutant strains that are deficient either in photorespiration (i.e. the 413 
shmt1-2 mutant that is deficient in the photorespiratory glycine to serine conversion (Voll 414 
et al., 2006)) or in the biosynthesis of lipid A-like molecules (i.e. the atlpxa-1 mutant that 415 
is deficient in the first reaction of the assembly of lipid A-like molecules (Li et al., 2011)) 416 
(Supplemental Figure 6B). 3-Hydroxyhexadecanoic acid content is unaffected in the 417 
shmt1-2 mutant, demonstrating that its depletion is independent of the photorespiratory 418 
deficiency. In the atlpxa-1 mutant however, the accumulation of 3-hydroxytetradecanoic 419 
acid is depleted to 15% of the wild-type level, indicating that lipid A-like molecules are 420 
the major metabolic sink of this hydroxylated fatty acid. The latter conclusion is further 421 
supported by the substrate specificity of acyl transferases (i.e. AtLpxA, AtLpxD1 and 422 
AtLpxD2) that are involved in the assembly of lipid A-like molecules; all of these 423 
enzymes recognize 3-hydroxytetradecanoyl-ACP as their optimal substrate (Joo et al., 424 
2012) (Supplemental Figure 6C). 425 
Parallel alterations in gene expression induced by the mthd-rnai-1 and mtkas-2 426 
mutations 427 
RNA-Seq experiments were performed to assess alterations in the transcriptomes 428 
associated with two independent genetic blocks in the mtFAS system, namely mthd-rnai-429 
1 and mtkas-2 mutant strains. In these experiments we sequenced the transcriptomes of 430 
the wild-type and the two mutant strains that were grown in either ambient air or in the 1% 431 
CO2 atmosphere. Initially we directly measured changes in gene expression by 432 
conducting quantitative RT-PCR on 9 target genes and tested the validity of using the 433 
count numbers obtained from the identical RNA sample preparations by RNA-Seq 434 
analysis. Correlation coefficients of the data obtained by the two methods are above 0.9 435 
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(Supplemental Figure 7), indicating that RNA-Seq read counts can be used as a 436 
quantitative readout of global changes in gene expression in response to the two 437 
mutations. 438 
Statistical analyses investigated whether mthd-rnai-1 and mtkas-2 elicit similar changes 439 
in the transcriptome. These analyses identified differentially expressed genes (DEGs) 440 
among the three genotypes (i.e. wild-type, mthd-rnai-1 and mtkas-2), when these plants 441 
were grown in the two environmental conditions (i.e. ambient air or the 1% CO2 442 
atmosphere); these are comparisons 1 to 6 of Figure 10A (Supplemental Data 1). Gene 443 
Ontology (GO) functional categories associated with these DEGs were analyzed at TAIR 444 
(www.arabidopsis.org; Supplemental Data 2). 445 
Comparisons 1 (7,626 DEGs; 37% of the expressed genome) and 2 (9,052 DEGs; 44% 446 
of the expressed genome) indicate that each mutation significantly alters expression of a 447 
large proportion of the genome when plants are grown in ambient air. A chi-squared test 448 
for association between the two DEG lists indicates a significant (p-value < 0.0001) 449 
overlap between genes affected by the mthd-rnai-1 and mtkas-2 mutations. Furthermore, 450 
Figure 10B shows the plot of fold-change in expression in Comparison 1 versus 451 
Comparison 2 and indicates that the directions and magnitudes of the estimated effects 452 
of each mutation were strongly positively correlated (r = 0.943, p-value < 0.0001). 453 
However, Comparison 3 demonstrates that there are a few genes (114 DEGs; < 1% of 454 
the expressed genome) whose expression is differentially affected between the two 455 
mutants. 456 
While the distinctions in gene expression profiles between the wild-type and mutants are 457 
greatly reduced when these plants were grown in the 1% CO2 atmosphere, similar 458 
relationships between these three genotypes are apparent. Specifically, Comparisons 4 459 
(286 DEGs; 1% of the expressed genome) and 5 (1,825 DEGs; 9% of the expressed 460 
genome) show strong correlated changes in the transcriptome relative to the differences 461 
between the two mutants, as reflected by Comparison 6 (63 DEGs; < 1% of the 462 
expressed genome). Again, a chi-squared test for association between the DEG lists for 463 
Comparisons 4 and 5 indicate significant overlap between the genes affected by the two 464 
mutations, and Figure 10B shows a positive correlation (r = 0.864, p-value < 0.0001) 465 
between the effects of each mutation. Collectively, these results demonstrate that the 466 
mthd-rnai-1 and mtkas-2 mutations induce parallel changes in the transcriptome, which 467 
supports the hypothesis that these two genes operate in the same metabolic pathway, 468 
namely mtFAS. 469 
Transcriptomic alterations associated with mtFAS deficiency but independent of 470 
photorespiratory deficiency 471 
Further statistical analyses addressed whether any photorespiration-independent, but 472 
mtFAS-dependent processes are revealed by the RNA-Seq analysis of the mthd-rnai-1 473 
and mtkas-2 mutants. For these analyses we initially identified DEGs whose expression 474 
is associated with 3 modifiers of gene expression: 1) different genotypes (G-effect; i.e. 475 
wild-type, mthd-rnai-1 and mtkas-2); 2) different environmental conditions (E-effect; 476 
 www.plantphysiol.orgon August 8, 2017 - Published by Downloaded from 
Copyright © 2017 American Society of Plant Biologists. All rights reserved.
 21
ambient air and the 1% CO2 atmosphere); and 3) the interaction between genotypes and 477 
environmental conditions (i.e. GxE-effect). These analyses identified 13,514 DEGs (66% 478 
of the expressed genome), whose expression is associated with one or more of these 479 
three modifiers. Approximately half of these DEGs are singularly affected by the G-, E- 480 
or GxE-effects (Figure 11A; Supplemental Data 3 online for details). Multiple modifiers 481 
 www.plantphysiol.orgon August 8, 2017 - Published by Downloaded from 
Copyright © 2017 American Society of Plant Biologists. All rights reserved.
 22
combine to affect the expression of the remaining DEGs; these being combinations of 3 482 
subsets that combine two modifiers (G and E, 15% of the DEGs); G and GxE (7% of 483 
DEGs); and E and GxE (8% of DEGs)), and one subset that combine all three modifies 484 
(17% of DEGs) (Figure 11A; Supplemental Data 3 online for details). 485 
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Additional insights on the metabolic impact of these modifiers was obtained by 486 
dissecting each of the 7 subsets illustrated by the Venn diagram shown in Figure 11A 487 
into clusters that visualize the expression pattern relative to the three genotypes and 2 488 
different environmental conditions (Figure 11B). For example, the 1390 DEGs that 489 
respond only to the G-effect can be separated into two clusters: Cluster 1 contains 490 
DEGs that are up-regulated in each mutant, and Cluster 2 contains DEGs that are down-491 
regulated in each mutant, but all of these genes are minimally affected by the change in 492 
environmental conditions. These are therefore genes whose expression is affected by 493 
the mtFAS deficiency, irrespective of the atmospheric CO2 concentration. Therefore, 494 
these DEGs are probably not associated with the photorespiratory deficiency, as the 495 
latter would be expected to show distinct gene expression patterns between plants 496 
grown in ambient air and the 1% CO2 atmosphere. 497 
Similarly, DEGs that respond only to the E-effect can be separated into two clusters: 498 
Cluster 3 contains DEGs whose expression is higher in the 1% CO2 atmosphere, 499 
whereas Cluster 4 contains DEGs whose expression is lower in the 1% CO2 atmosphere, 500 
but all of these genes are minimally affected by differences in genotypes (Figure 11B). 501 
These DEGs are therefore responding mainly to the change in the atmospheric CO2 502 
concentration, and not to the mtFAS deficiency. 503 
DEGs that respond to only the GxE-effect can also be separated into two clusters. But 504 
these DEGs demonstrate interdependence between G- and E-effects in altering gene 505 
expression (Figure 11B). Specifically, Cluster 5 contains DEGs whose expression is up-506 
regulated in each of the mutants when grown in ambient air, but they are down-regulated 507 
when grown in the 1% CO2 atmosphere. DEGs in Cluster 6 are oppositely affected, in 508 
that expression of these genes is down-regulated in the mutants in ambient air, but up-509 
regulated in the mutants in the 1% CO2 atmosphere.   510 
The subsets that integrate two or more modifiers of gene expression are clustered in 511 
multiple expression patterns, and these appear to be additive of the patterns of each 512 
individual modifier (Figure 11B). For example, genes whose expression is affected by 513 
both G-effect and E-effect can be separated into 6 clusters (Clusters 7 to 12). Similarly, 514 
Clusters 13 to 34 are identifiable by examining the patterns of gene expression that 515 
respond to two (i.e. G and GxE; E and GxE effects) or all three modifiers. The 516 
expression of these latter DEGs show complex patterns that are associated with both 517 
the mtFAS deficiency and variations in the atmospheric CO2 concentration. An example 518 
is cluster 14, which contains DEGs whose response to genotypes is restricted to only the 519 
ambient air condition. Because the altered expression of DEGs in this cluster is 520 
suppressed when plants are grown in the 1% CO2 atmosphere, we associate these 521 
genes as responding to the mtFAS-dependent photorespiratory deficiency. 522 
By generally applying this rationale we were able to identify clusters as containing DEGs 523 
that are primarily associated with the mtFAS deficiency, and distinguish them from those 524 
that are associated with the change in the atmospheric CO2 concentration, with the 525 
photorespiratory deficiency, or combination thereof (Figure 11C).  526 
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Biological functionalities of DEGs associated with the mtFAS-dependent processes, but 527 
independent of photorespiratory deficiency were explored by GO enrichment analyses 528 
using AmiGO (Carbon et al., 2009). These analyses focused on gene annotations 529 
associated with DEGs in expression Clusters 1, 2, and 7-12. Supplemental 8A visualizes 530 
the results in the form of heat maps that categorize the DEG annotations with GO 531 
biological processes, GO subcellular components and GO molecular functions (See 532 
Supplemental Data 4 online for details). These analyses indicate that these 8 expression 533 
clusters separate into three distinct clades, namely the clade that contains Cluster 1, the 534 
clade that contains Cluster 10, and the clade that contains Clusters 2, 7, 8, 9, 11 and 12. 535 
Despite the fact that the 3 clades contain DEGs whose expression patterns are distinct, 536 
the GO annotation terms that are enriched with each clade are quite similar. This 537 
similarity is visualized in Tag Clouds that identifies words enriched in the GO annotation 538 
terms (Supplemental 8B). Thus, all three clades have GO annotation terms that are rich 539 
in a few key words. From the Biological Process category, these words are “biosynthetic 540 
and metabolic processes”; from the Subcellular Compartment category, these words are 541 
“intracellular, organelle, complex and membrane”; and from the Molecular Function 542 
category, these words are “binding, activity, enzyme classes such as hydrolase and 543 
ligase, and metabolites such as purines, nucleosides and nucleotides”. The enrichment 544 
in these terms appears to indicate that mtFAS-dependent processes that are 545 
independent of photorespiration, maybe associated with the metabolism of nucleotides 546 
and nucleosides, and particularly associated with chloroplasts or plastids. This latter 547 
term-enrichment is consistent with the data presented in Figure 7, which demonstrated 548 
that the most dramatic ultrastructural alteration in these mtFAS mutants are associated 549 
with alterations in the morphology of the chloroplasts and thylakoid membrane assembly. 550 
 551 
  552 
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DISCUSSION 553 
The occurrence of a FAS system in mitochondria was first implied by the discovery of a 554 
mitochondrially located ACP in Neurospora (Zensen et al., 1992). Since then, this FAS 555 
system has been characterized in yeast and humans (Hiltunen et al., 2010), confirming 556 
its multi-component, Type II character. In plant cells, to date only the mtACP isoforms 557 
(Shintani and Ohlrogge, 1994, Meyer et al., 2007), mtKAS (Yasuno et al., 2004, Olsen et 558 
al., 2004, Ewald et al., 2007), mtPPT (Guan et al., 2015) and mtMCS (Guan and Nikolau, 559 
2016) have been experimentally identified and characterized as components that 560 
support mitochondrial fatty acid biosynthesis. In this study we identified and 561 
characterized the Arabidopsis genetic locus AT5G60335 as encoding the mtHD 562 
component of the Arabidopsis mtFAS system, which catalyzes the third iterative reaction 563 
of the FAS cycle, the dehydration of 3-hydroxyacyl-ACP intermediate. Evidence that 564 
supports this conclusion includes: 1) the mitochondrial localization of the protein 565 
encoded by the AT5G60335 gene locus, demonstrated by the use of a transgenic GFP 566 
gene-fusion; 2) the genetic complementation of the growth deficiency of the htd2 yeast 567 
mutant strain that lacks mtHD catalytic function; 3) the in vitro characterization of the 568 
recombinant Arabidopsis AT5G60335-encoded protein, which directly demonstrates that 569 
this protein catalyzes the reverse reaction, the hydration of enoyl-CoA substrates; and 4) 570 
the demonstration that mutant strains deficient in the AT5G60335 gene and those 571 
deficient in the mtKAS gene (a known catalytic component of mtFAS) exhibit near 572 
identical phenotypic, metabolomic and transcriptomic responses.   573 
mtFAS-dependent functionalities were further investigated by a combined global 574 
transcriptomic and metabolomic analyses of mutants deficient in mtHD (i.e. mthd-rnai 575 
mutants) and mtKAS (i.e. mtkas mutants), each of which reduces mtFAS activity. These 576 
analyses expanded the understanding of the central role of mtFAS in lipoic acid 577 
homeostasis, which is of major significance in supporting photorespiration via the 578 
lipoylation of the H subunit of GDC. In addition, these analyses established novel 579 
functionalities associated with mtFAS; these being the generator of the fatty acid 580 
components for the assembly of lipid A-like molecules, and via an as yet unknown 581 
mechanism affecting the morphology of chloroplastic starch granules. 582 
mtHD contributes to photorespiration 583 
Previous characterizations of the Arabidopsis mtFAS components (i.e. mtKAS (Yasuno 584 
et al., 2004, Olsen et al., 2004, Ewald et al., 2007), mtPPT (Guan et al., 2015) and 585 
mtMCS (Guan and Nikolau, 2016)) have implicated a role for mtFAS in supplying 586 
octanoyl-ACP as the precursor to synthesize mitochondrial lipoic acid, which is an 587 
essential cofactor of the H subunit of GDC, a crucial component of photorespiration. The 588 
mthd-rnai mutants characterized herein exhibit metabolic alterations that are also 589 
primarily associated with this inability to maintain photorespiration. Specifically, 590 
photorespiratory glycine hyperaccumulates, and sucrose and fatty acid accumulation is 591 
decreased; these metabolic alterations are reversed when these mutant plants are 592 
grown in a condition that suppresses photorespiration (i.e. a 1% CO2 atmosphere). 593 
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Therefore, the role of mtFAS to support lipoic acid biosynthesis appears to be near 594 
universal among all clades of eukaryotic organisms, as evidenced by characterization of 595 
the yeast, human, and plants (Hiltunen et al., 2010, Wada et al., 1997).   596 
To expand on the previously identified traits associated with mtFAS metabolism, we 597 
conducted a more comprehensive metabolomic analysis of the lipid species of mthd-rnai 598 
and mtkas mutants. Analyses of the lipidome and cuticle of these mutants reveal 599 
alterations in several lipid classes, including reduced accumulation of glycoglycerolipids, 600 
chlorophylls and surface cuticular lipids, and increased accumulation of leaf TAG. 601 
Somewhat unexpectedly however, these alterations in lipid metabolism are associated 602 
with non-mitochondrial compartments (i.e. chloroplasts). These findings are evidenced 603 
by the ultrastructural phenotype of chloroplasts, namely less extensive thylakoid 604 
membranes that are composed of glycoglycerolipids and chlorophylls. Given the fact that 605 
these alterations in lipids and chloroplastic ultrastructure are completely reversed when 606 
these plants are grown in a non-photorespiratory condition (i.e. 1% CO2 atmosphere), 607 
they are likely to be secondary to the photorespiratory deficiency.  608 
Some of these metabolomic changes can be interpreted with the global transcriptomic 609 
data revealed by the RNA-Seq analysis of the two mtFAS mutants, for example surface 610 
cuticular lipid biosynthesis and plastidial TAG biosynthesis. In the former case, a few 611 
genes involved in the surface lipid biosynthesis (e.g. CER1, CER3 and CER5 (Samuels 612 
et al., 2008)) exhibit reduced expression levels in ambient air, which is reversed by the 1% 613 
CO2 treatment. Considering the essential catalytic roles of CER1 and CER3 in producing 614 
alkanes from very-long-chain fatty acids (Bernard et al., 2012), and the role of the CER5 615 
(i.e. an ABC transporter) in exporting surface cuticular lipids across the plasma 616 
membrane (Pighin et al., 2004), the reduced accumulation of surface cuticular lipids in 617 
the mtFAS mutant plants is consistent with these transcriptional alterations. In the latter 618 
case, the DGAT1 gene exhibited increased expression levels in ambient air, and this 619 
was reversed by the 1% CO2 treatment. This finding reflects the importance of DGAT1 620 
as a major regulator of the TAG biosynthetic pathway in seedling plants, as evidenced 621 
by the previous analysis of dgat1 mutants, which display a major reduction in leaf TAG 622 
accumulation (Zhang et al., 2009, Tjellstrom et al., 2015). 623 
These examples illustrate the complexity of integrating transcriptomic and metabolomic 624 
data, which is also implied by principles of Metabolic Control Analysis (MCA) (Fell, 1992). 625 
Specifically, the regulation of surface cuticular lipid biosynthesis and plastidial TAG 626 
biosynthesis exemplify a regulatory network that focuses the regulation of a metabolic 627 
pathway at a few reactions within a pathway (e.g. CER1-, CER3-, and DGAT1-catalyzed 628 
reactions). 629 
Other complexities that can contribute to weak correlations between transcriptomic and 630 
metabolomic data are the role of post-transcriptional (Gygi et al., 1999, Tian et al., 2004) 631 
and post-translational regulatory mechanisms. Particularly, post-translational regulation 632 
was exemplified in this study by the depletion of the essential lipoylation of H protein of 633 
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GDC that inactivates the catalytic activity of this key enzyme of photorespiration, 634 
although the expression of H protein is normal in the mutant strains. 635 
mtFAS contributes fatty acid component for the assembly of lipid A-like molecules 636 
It is generally believed that the substrate specificities of the mtHD and mtKAS enzymes 637 
are the major factors that determine the chain lengths of fatty acids that mtFAS systems 638 
can produce. For example, acyl-substrates that are longer than 12 carbon atoms in 639 
length are poor substrates for the mtHD component in Trypanosoma brucei (Autio et al., 640 
2008a) and the mtKAS component in humans (Zhang et al., 2005), which limits the fatty 641 
acid products of the mtFAS systems in these organisms. In contrast, our in vitro 642 
characterizations of the recombinant mtHD and mtKAS proteins demonstrate that these 643 
two enzymes display broader substrate specificity with respect to the chain lengths of 644 
substrates, up to 16 carbon atoms. Thus, we conclude that in Arabidopsis, mtHD and 645 
mtKAS may not necessarily limit the chain lengths of the fatty acids that are generated 646 
by the plant mtFAS system. The Arabidopsis mtFAS system therefore may be able to 647 
produce both octanoyl-ACP for lipoic acid biosynthesis and longer-chain acyl-ACP of 648 
potentially up to 18 carbons in length.  649 
Consistent with this finding, we discovered that Arabidopsis cells appear to source 3-650 
hydroxytetradecanoate from the mtFAS system to assemble lipid A-like molecules. This 651 
is evidenced by the fact that the accumulation of this fatty acid is depleted in the mthd-652 
rnai and mtkas mutants, and its accumulation is also depleted in a mutant deficient in the 653 
assembly of lipid A-like molecules (i.e. atlpxa-1), but is unaffected in a photorespiratory 654 
mutant (i.e. shmt1-2), irrespective of atmospheric CO2 conditions. In addition, the acyl 655 
transferases (i.e. AtLpxA, AtLpxD1 and AtLpxD2) that can use 3-hydroxytetradecanoyl-656 
ACP as the substrate for assembly of lipid A-like molecules are mitochondrially located 657 
(Seveno et al., 2010, Li et al., 2011). Considering the proteobacterial origin of 658 
mitochondria (Timmis et al., 2004), the finding that mtFAS generates the acyl-moieties of 659 
lipid A-like molecules may imply that both the mtFAS system and the synthetic 660 
machinery for assembling lipid A-like molecules were acquired from the ancient 661 
proteobacterium that evolved to give rise to the modern mitochondria.   662 
The Arabidopsis mtFAS system therefore, not only generates the octanoyl-ACP 663 
precursor for lipoic acid biosynthesis (Ewald et al., 2007, Guan et al., 2015, Guan and 664 
Nikolau, 2016), but also the 3-hydroxytetradecanoyl-ACP that is the precursor for the 665 
assembly of lipid A-like molecules. It’s interesting to note that the mtFAS system 666 
appears to terminate the fatty acid elongation cycle via acyl transferase mechanisms, 667 
which is distinct from the ptFAS system that terminates the elongation cycle via a 668 
hydrolytic mechanism, catalyzed by acyl-ACP thioesterases (Jing et al., 2011).  669 
Specifically, mtFAS uses the acyl-transferases AtLpxA, AtLpxD1 and AtLpxD2 (Li et al., 670 
2011) for the assembly of lipid A-like molecules, and a combination of lipoyl transferase 671 
(Wada et al., 2001) and lipoic acid synthase (Yasuno and Wada, 1998) to generate lipoic 672 
acid.  673 
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The physiological functions of plant lipid A-like molecules are unclear (Armstrong et al., 674 
2006). Because no morphological differences have been observed in plants that carry 675 
null alleles of genes that synthesize these molecules (Seveno et al., 2010, Li et al., 676 
2011), it appears that lipid A-like molecules are not crucial for normal plant growth and 677 
development. Another unknown in this area of plant metabolism is the question of 678 
whether the four characterized lipid A-like molecules (i.e. lipid X, UDP-2,3-diacyl-GlcN, 679 
Disaccharide-1-P and lipid IVA (Li et al., 2011)), which are metabolic intermediates in the 680 
assembly of lipid A in Gram-negative bacteria, are intermediates of metabolism in plants, 681 
or they represent the final products of the plant biosynthetic pathway. If they are 682 
intermediates, then what is the chemical nature of the final product that is produced by 683 
plants from these intermediates? Regardless, the fact that genes of biosynthesis of lipid 684 
A-like molecules have been maintained during the evolution of plants, post the 685 
endosymbiotic events that evolutionarily gave rise to mitochondria, may be indicative of 686 
an unknown important physiological functions that confer an evolutionary advantage. 687 
Starch granule morphology is dependent on a functional mtFAS system 688 
An abnormal starch granule morphology occurs in the mthd-rnai and mtkas mutants, and 689 
this is maintained irrespective of an atmospheric growth condition that suppresses 690 
photorespiration. Therefore, starch granule morphology is a trait that is dependent on 691 
mtFAS function, but this trait is independent of photorespiration. The appearance of 692 
these abnormal starch granules resembles those that occur in mutant plants defective in 693 
the isoamylase-type starch debranching enzymes (ISA), which assemble the starch 694 
polymer (Delatte et al., 2006, Wattebled et al., 2005, Zeeman et al., 1998). However, in 695 
contrast to the isa mutants that exhibit decreased accumulation of starch and increased 696 
accumulation of WSP (Facon et al., 2013, Lin et al., 2013), the mtFAS mutations do not 697 
impact starch and WSP accumulation.  698 
The abnormal starch granule trait may be a secondary effect of the deficiency in the 699 
photorespiration-independent mtFAS functions, for example the deficiency in lipid A-like 700 
molecules, which are enriched within chloroplasts (Li et al., 2011, Armstrong et al., 2006), 701 
but are synthesized from mtFAS-derived fatty acids (i.e. 3-hydroxytetradecanoic acid). 702 
Considering that alterations in plastid membrane lipid ultrastructure result in abnormal 703 
starch granule morphology (Myers et al., 2011), the depletion of lipid A-like molecules in 704 
the mtFAS mutants could be causative in the alteration of the change in starch granule 705 
morphology. 706 
In summary, this study has further expanded the understanding of the mtFAS system, by 707 
biochemically and genetically identifying and characterizing the fourth enzymatic 708 
component (i.e. mtHD) of the system. Moreover, by comparing the properties of the 709 
mtHD component with the properties of the mtKAS component, we have formulated a 710 
more integrated comprehensive understanding of the role of mitochondria in generating 711 
acyl chains. These combined genetic and biochemical characterizations of individual 712 
components of the Arabidopsis mtFAS system have established that mutations in the 713 
mtPPT gene blocks plant development during embryogenesis (Guan et al., 2015). 714 
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Mutations in the mtKAS gene (Ewald et al., 2007) and mtMCS gene (Guan and Nikolau, 715 
2016), and knockdown lines of the mtPPT gene (Guan et al., 2015) and mtHD gene lead 716 
to the diminished lipoylation of the H subunit of GDC (Douce et al., 2001), an enzyme 717 
complex essential in photorespiration (Bauwe et al., 2010). The resulting loss of GDC 718 
activity manifests a deficiency in photorespiration. Moreover, the characterizations 719 
reported herein has expanded the physiological role of mtFAS that in addition to 720 
generating the acyl precursor for lipoic acid biosynthesis, mtFAS has a role in 721 
determining the complexity of starch granule morphology. However, mechanistically 722 
understanding this inter-organelle coordination will require additional molecular, genetic 723 
and biochemical studies (Mueller and Reski, 2014). 724 
 725 
  726 
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METHODS 727 
Protein overexpression, substrate syntheses, and in vitro kinetic assays 728 
Genes encoding the Arabidopsis mtHD, mtKAS and Streptococcus pneumoniae ACP 729 
synthase (SpACPS) (McAllister et al., 2006) were chemically synthesized by GenScript 730 
(Piscataway, NJ) after codon optimization for expression in E. coli (See Supplemental 731 
Table 1 online for DNA sequences). The E. coli acpP, fabD and fabG genes were cloned 732 
from wild-type K12 strain (CGSC, Yale University). All six genes were cloned into the 733 
pET30b vector (EMD Millipore, Billerica, MA), and the resulting constructs were named 734 
mtHD-pET (primers H1-H2), mtKAS-pET (primers H3-H4), SpACPS-pET (primers H5-735 
H6), acpP-pET (primers H7-H8), fabD-pET (primers H9-H10), and fabG-pET (primers 736 
H11-H12) (See Supplemental Table 2 online for primer sequences). These constructs 737 
express recombinant proteins with a His-tag located at the C-terminus. Recombinant 738 
proteins were expressed in the E. coli BL21* strain (Invitrogen, Carlsbad, CA), and 739 
purified using Probond Nickel-Chelating Resin (Invitrogen). 740 
For the kinetic assays of the mtHD enzyme, the enoyl-CoA substrates (i.e. trans-Δ2-10:1 741 
and trans-Δ2-16:1) were synthesized from a chemical reaction between CoA (EMD 742 
Millipore, Billerica, MA) and trans-Δ2-decenoic acid (TCI Chemicals, Portland, OR) or 743 
trans-Δ2-dodecenoic acid (Sigma-Aldrich, St. Louis, MO), and purified using a HPLC 744 
system (Agilent (Santa Clara, CA) 1200 HPLC system equipped with a Thermo Scientific 745 
(Waltham, MA) Hypersil ODS column (250 mm length, 4.0 mm ID, and 5 μm particle 746 
size)) as previously describes (Forster-Fromme et al., 2008). Structures of these CoA 747 
derivatives were determined using a LC-MS system (Agilent 1100 LC/MSD system) as 748 
previously described (Ding et al., 2012). The hydratase activity of mtHD was assayed 749 
(for 10 min at 22°C) as previously described (Autio et al., 2008b). Methyl esters that 750 
were derived from the reaction products (i.e. 3-hydroxydecanoyl-CoA and 3-751 
hydroxydodecanoyl-CoA) were directly quantified as described previously (Lu et al., 752 
2008). 753 
For the kinetic assays of the mtKAS enzyme, the acyl-ACP substrates were prepared 754 
from a SpACPS-catalyzed enzymatic reaction between apo-ACP and acyl-CoAs (Sigma-755 
Aldrich) as described previously (Zhang et al., 2005); the reaction results in the 756 
formation of a mixture of acyl- and holo-ACP molecules. The percentage of acyl-ACP in 757 
the mixture was determined by MALDI-QTOF analysis. Similarly, holo-ACP was 758 
prepared from a reaction of ACP mixture and CoA (EMD Millipore). The kinetic assays 759 
for the mtKAS enzyme were performed as previously described (Zhang et al., 2005). 760 
Concentrations of three ingredients were optimized (i.e. 50 μM malonyl-CoA, 50 μM 761 
holo-ACP, and 100 nM recombinant mtKAS). In addition, 300 μM NADPH and 1 μM 762 
recombinant fabG were added in the reaction mix to monitor the reaction (for 5, 10 and 763 
15 min at 22°C) by measuring the consumption of NADPH at 340 nm. 764 
Kinetic values for mtHD and mtKAS are calculated using Prism version 5.0 (GraphPad 765 
Software). 766 
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E. coli strains and lipid A analyses 767 
The Arabidopsis AtLpxD1 (H13-H14) and AtLpxD2 (H15-H16) genes (5’ CDS that 768 
encodes the putative mitochondrial presequences was removed) were cloned into 769 
pBE522 vector (Zhu et al., 2011), resulting in AtlpxD1-pBE and AtlpxD2-pBE. In the 770 
presence of AtlpxD1-pBE or AtlpxD2-pBE, the lpxD gene of E. coli BL21* strain was 771 
replaced by a GenR cassette using a PCR-based method (Datsenko and Wanner, 2000) 772 
with primers H17-H18. Hybrid lipid A molecules were extracted from these strains, and 773 
analyzed using a LC-MS/MS system (Agilent 1100 LC/MSD system) as described 774 
previously (Joo et al., 2012). 775 
Yeast strains and genetic complementation 776 
The yeast Saccharomyces cerevisiae strain deficient in the HTD2 gene (YHR067W; 777 
BY4741 background; and MATa) was obtained from Thermo Scientific. The yeast HTD2 778 
(Primers H19-H20) and COQ3 mitochondrial presequence (Hsu et al., 1996) (Primers 779 
H21-H22) of yeast BY4741 wild-type strain were cloned into YEp351 vector (PGK 780 
promoter-driven gene expression) (de Moraes et al., 1995), resulting in HTD2-YEp and 781 
YEp351M, respectively. Arabidopsis mtHD (Primers H23-H24) and mtHD_tail (Primers 782 
H25-H24) were cloned into YEp351M (5’ CDS of 72 bp was replaced by the yeast COQ3 783 
mitochondrial presequence CDS), resulting in mtHD-YEp and mtHD_tail-YEp, 784 
respectively. Complementation test was performed as previously described (Autio et al., 785 
2008b). 786 
Plant strains and genetic transformations 787 
The Arabidopsis genetic strains carrying the mthd-1 (CS856112), mtkas-2 788 
(SALK_022295), mtkas-3 (SALK_087186) and shmt1-2 (SALK_083735) alleles are in 789 
Col-0 background, and were obtained from Arabidopsis Biological Resource Center 790 
(Columbus, OH; http://abrc.osu.edu). The atlpxa-1 mutant (WS background) was 791 
isolated from the Arabidopsis Functional Genomics Consortium T-DNA mutant 792 
population (Krysan et al., 1999). Primers for genotyping are listed as following: H26-H27-793 
H28 for mtkas-2 and mtkas-3; H26-H29-H30 for shmt1-2; and H31-H32-H33 for atlpxa-1.  794 
For the GFP experiments, the 5’ mtHD CDS of 120 bp was cloned into pENTR/D-TOPO 795 
vector (Invitrogen; primers H34-H35), and subcloned into pEarleyGate103 (Earley et al., 796 
2006) using Gateway LR Clonase II Enzyme Mix (Invitrogen), resulting in mtHD1-120-pEG. 797 
For the RNAi experiment, a mtHD CDS of 209 bp was cloned into pENTR/D-TOPO 798 
(primers H36-H37), and subcloned into pB7GWIWG2(II) (Karimi et al., 2002), resulting in 799 
mtHD-WIWG2. Destination vectors were used to transform Arabidopsis Col-0 wild-type 800 
plants (in ambient air) or mtkas-2 mutant plants (in the 1% CO2 atmosphere) as 801 
previously described (Clough and Bent, 1998). 802 
Seeds were sterilized and sown on Murashige and Skoog agar medium as previously 803 
described (Jin et al., 2012). The CO2 condition was controlled as ambient level or the 1% 804 
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CO2 level (in a growth chamber). Plants were grown at 22 °C with continuous 805 
illumination (photosynthetic photon flux density 100 μmol m-2 s-1). 806 
Microscopy 807 
Confocal microscopy analysis was conducted on the wild-type control plants, the control 808 
transgenic plants carrying the p35S::GFP transgene (Guan et al., 2015), and transgenic 809 
plants carrying the p35S::HD1-120-GFP transgene. Seedling plants at between 7 to 10 810 
DAI were harvested for analysis as previously described (Guan et al., 2015). 811 
Light microscopy and transmission electron microscopy analyses were performed with 812 
plants at 16 DAI using Olympus BX-40 (Olympus America Inc., Center Valley, PA) and 813 
JEOL 2100 (Japan Electron Optic Laboratories, Peabody, MA), respectively, as 814 
previously mentioned (Myers et al., 2011). 815 
Western blot 816 
Total protein was extracted from 200 mg fresh aerial organs of plants at 16 DAI as 817 
described previously (Che et al., 2002). Western blot analysis was performed on 50 μg 818 
total protein with anti-lipoic acid antibodies (EMD Millipore, Billerica, MA) or with anti-H 819 
protein antibodies (a gift from Dr. David Oliver at Iowa State University) as described 820 
previously (Ewald et al., 2007, Guan et al., 2015). 821 
Metabolomic analyses 822 
Metabolites (3 to 6 replicates) were extracted from 50 mg fresh aerial organs of plants 823 
(grown in a completely randomized design) at 16 DAI, and analyzed using multiple 824 
analytical platforms: Waters Xevo G2 Q-TOF MS equipped with Waters ACQUITY UPLC 825 
system for glycerolipids and chlorophylls (Okazaki et al., 2015); Agilent 1200 HPLC 826 
system equipped with a fluorescence detector for amino acids (Guan et al., 2015); the 827 
Total Starch Assay Kit (Megazyme, Wicklow, Ireland) for starch and WSP (Smith and 828 
Zeeman, 2006); and Agilent 7890 GC-MS system for fatty acids (Lu et al., 2008), surface 829 
cuticular lipids (Perera et al., 2010), and other soluble metabolites (Duran et al., 2003). 830 
Log2-ratio and standard error (SE) were calculated as described previously (Quanbeck 831 
et al., 2012). Metabolomic data were deposited in the PMR database (Hur et al., 2013) 832 
under accession number mtFAS. 833 
RNA-Seq 834 
RNA-Seq was performed as previously described (Li et al., 2015). Specifically, total RNA 835 
(3 biological replicates) was extracted from 0.5 g fresh aerial organs of plants (grown in 836 
a completely randomized design) at 16 DAI using TRIzol (Invitrogen), and was further 837 
purified using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) following the DNase 838 
I (Invitrogen) treatment to remove any DNA contamination. The 200 bp short-insert 839 
library was constructed and sequenced using an Illumina (San Diego, CA) HiSeq 2000 840 
system and V3 Reagent (www.illumina.com). Data files have been deposited in the 841 
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NCBI Sequence Read Archive (SRA) under accession numbers SRP052705 and 842 
SRP070190. 843 
Raw reads were cleaned by removing adaptors and by filtering reads with unknown 844 
nucleotides larger than 5% or with low quality (the percentage of the bases, which have 845 
quality smaller than 10, is more than 20% of the read). The cleaned reads were aligned 846 
to the reference Arabidopsis thaliana genome in Phytozome version 8.0 847 
(www.phytozome.net) using TopHat (Trapnell et al., 2009), and the mapped reads were 848 
counted using HTSeq (Anders et al., 2015). 849 
Statistical analyses 850 
The count data were analyzed as a completely randomized design with six treatments, 851 
one for each combination of genotype and growth condition. Each treatment was 852 
replicated three times. Genes with an average of at least one uniquely mapped read 853 
across samples and a number of nonzero read counts at least as large as the number of 854 
treatments were tested for differential expression among genotypes within each growth 855 
condition, differential expression between growth conditions within each genotype, 856 
differential expression among genotypes averaged over growth conditions (i.e., 857 
genotype main effects), differential expression between growth conditions averaged over 858 
genotypes (i.e., growth condition main effects), and interactions between genotypes and 859 
growth conditions using the R package QuasiSeq (http://cran.r-860 
project.org/web/packages/QuasiSeq). The negative binomial QLShrink method 861 
implemented in the QuasiSeq package as previously described (Lund et al., 2012) was 862 
used to compute a p-value for each gene and each test described above. The log of 863 
each count mean was modeled as the sum of an intercept term, a genotype effect, a 864 
growth condition effect, an interaction between genotype and growth condition, and an 865 
offset normalization factor, determined for each sample by the log of the TMM 866 
normalization factor (Robinson and Oshlack, 2010). Estimates of the fold change, 867 
between the mtkas mutant and wild-type plants and between ambient air and the 1% 868 
CO2 atmosphere, were computed by evaluating the exponential function at estimates of 869 
effect differences. Using the p-values for each comparison, an approach previously 870 
described (Nettleton et al., 2006) was used to estimate the number of genes with true 871 
null hypotheses among all genes tested, and this estimate was used to convert the p-872 
values to q-values (Storey, 2002). To obtain approximate control of the false discovery 873 
rate at 5%, genes with q-values no larger than 0.05 were declared to be differentially 874 
expressed. 875 
Genes with at least one significant main effect or a significant interaction between 876 
genotypes and environmental conditions were divided into seven distinct sets, and a 877 
cluster analysis (Fang et al., 2012, Schmollinger et al., 2014, Ramundo et al., 2014) was 878 
then performed separately on each set. These sets were defined by each possible 879 
combination of the three tests, excluding genes without a significant main effect or 880 
interaction effect. For example, one subset is composed of genes with a significant 881 
genotype effect, but not a significant environmental condition effect nor a significant 882 
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interaction effect. Likewise, another subset consists of genes with a significant 883 
environmental condition effect, but not a significant genotype or interaction effect. The 884 
remaining five sets similarly each represent a unique combination of genotype, 885 
environmental condition, and interaction effects. A model-based clustering algorithm, 886 
implemented in the R package MBCluster.Seq (Si et al., 2014), was applied to identify 887 
distinct gene expression patterns among the genes in each set. The RNA-seq read 888 
counts were assumed to be drawn from a mixture of negative binomial distributions, 889 
each of which represents a cluster. After accounting for normalization factors and each 890 
gene's overall mean expression level, genes were assigned to clusters based on their 891 
expression profiles, or the collection of estimated fold-changes across treatments and 892 
genotypes. The number of clusters in each set of genes was chosen using the Akaike 893 
information criteria (AIC). 894 
Quantitative RT-PCR  895 
Quantitative RT-PCR was performed using the StepOnePlus Real-Time PCR System 896 
and SYBR Select Master Mix (Invitrogen) as previously described (Jin et al., 2012). RNA 897 
samples for the expression study were used as previously described (Guan et al., 2015). 898 
Gene-specific primers are used as following: H38-H39 for Actin-2 (reference gene; 899 
AT3G18780), H40-H41 for mtHD (AT5G60335), H42-H43 for mtKAS (AT2G04540), 900 
H44-H45 for RNP1 (AT2G32230), H46-H47 for SQD2 (AT5G01220), H48-H49 for PPH 901 
(AT5G13800), H50-H51 for LPAAT (AT4G24160), H52-H53 for DGAT1 (AT2G19450), 902 
H54-H55 for CER1 (AT1G02205), H56-H57 for CER2 (AT4G24510), H58-H59 for CER3 903 
(AT5G57800), and H60-H61 for MCCA (AT1G03090). 904 
 905 
FIGURE LEGENDS 906 
Figure 1. Comparison of the amino acid sequences of the Arabidopsis mtHD (encoded 907 
by AT5G60335) and the human HsHTD2 proteins. 908 
Residues shaded in black are identical, those shaded in grey share similarity in the 909 
chemistry of the side chains. Alignment was performed using ClustalΩ (AlignX, Vector 910 
NTI 10) with a gap opening penalty of 10 and a gap extension penalty of 0.1. 911 
Figure 2. Genetic complementation of the yeast htd2 mutant by the Arabidopsis mtHD 912 
gene (AT5G60335). Expression of mtHD was controlled with the phosphoglycerate 913 
kinase promoter (pPGK) and terminator (tPGK). Dilution of the inocula for each strain is 914 
indicated. 915 
(A) Yeast htd2 mutant strains were grown on glycerol as the sole carbon source.  The 916 
yeast strain in each row carried the indicated construct: the control empty plasmid (Row 917 
1); construct to overexpress the HTD2 protein (Row 2); construct to overexpress the 918 
mitochondrial presequence of the yeast COQ3 protein (MP) (Row 3); and construct to 919 
overexpress the mitochondria-targeted mtHD (MP-mtHD fusion protein) (Row 4). 920 
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(B) Same strains as in panel A, but they were grown on glucose as the sole carbon 921 
source. 922 
Figure 3. Substrate specificity of the recombinant mtHD and mtKAS enzymes. 923 
(A) Substrate concentration dependence of the hydratase reaction catalyzed by mtHD 924 
with enoyl-CoA substrates of 10 and 16 carbon atom acyl chain lengths. Michaelis-925 
Menten kinetic parameters tabulated below the graph were calculated from 3 replicates 926 
for substrate concentrations of 200 µM, 100 µM and 70 μM; 4 replicates for substrate 927 
concentrations of 50 µM and 30 μM; 6 replicates for substrate concentration of 20 μM; 928 
and 10 replicates for substrate concentration of 10 μM. 929 
(B) Substrate concentration dependence of the condensation reaction catalyzed by 930 
mtKAS with acyl-ACP substrates of between 4 and 16 carbon atom acyl chain lengths. 931 
Michaelis-Menten kinetic parameters tabulated below the graph were calculated from 3 932 
replicates for substrate concentrations of 100 µM and 50 μM; 4 replicates for substrate 933 
concentrations of 20 µM and 10 μM; and 10 replicates for substrate concentrations of 5 934 
µM and 2 μM. 935 
Figure 4. Subcellular localization of mtHD (encoded by AT5G60335) determined with 936 
GFP-tagged transgenes.  937 
(A) Fluorescence micrographs of roots of non-transgenic wild-type control plants (WT); 938 
transgenic plants carrying the p35S::mtHD1-120-GFP transgene; and transgenic plants 939 
carrying the p35S::GFP control transgene. Confocal fluorescence micrographs imaged 940 
the emission of GFP, MitoTracker Orange or the merged images of the GFP and 941 
MitoTracker Orange. 942 
(B) Fluorescence micrographs of leaf mesophyll cells of non-transgenic WT; transgenic 943 
plants carrying the p35S::mtHD1-120-GFP transgene; and transgenic plants carrying the 944 
p35S::GFP control transgene. Confocal fluorescence micrographs imaged the emission 945 
of GFP, chlorophyll auto-fluorescence or the merged images of the GFP and chlorophyll 946 
auto-fluorescence. 947 
Figure 5. Expression of mtHD (white-filled columns) and mtKAS (grey-filled columns) 948 
genes in different organs of Arabidopsis. Quantitative RT-PCR analysis was conducted 949 
on RNA templates isolated from different organs of plants at the indicated day after 950 
imbibition (DAI). Results are the mean of 3 biological replicates ± standard error, and are 951 
presented as normalized values relative to the expression of the Actin-2 gene. 952 
Figure 6. Morphological phenotypes of the mthd-rnai and mtkas mutants. 953 
Single mutants (A) and double mutants (B) were grown in ambient air or in the 1% CO2 954 
atmosphere. 955 
Figure 7. Leaf ultrastructural phenotypes of the mthd-rnai and mtkas mutants.  956 
Light micrographs of leaf cross sections (Column 1), and transmission electron 957 
micrographs of chloroplasts (Column 2) and mitochondria (Column 3) of leaf mesophyll 958 
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cells of the indicated genotypes, which were grown in ambient air (A) or the 1% CO2 959 
atmosphere (B). 960 
Figure 8. Protein lipoylation status in the aerial organs of the mthd-rnai and mtkas 961 
mutant plants.  962 
(A) Coomassie Brilliant Blue-stained SDS-PAGE analysis of extracts prepared from the 963 
indicated genotypes. 964 
(B) Western blot analysis of the H subunit of GDC detected with anti H-protein 965 
antibodies, and the lipoylation status of the H-protein and other indicated lipoylated 966 
proteins detected with anti-lipoic acid antibodies. 967 
Figure 9. Metabolomic alterations in the mthd-rnai and mtkas mutants.  968 
The mthd-rnai-1 mutant (A) and mtkas-2 mutant (B) were grown either in ambient air 969 
(black-filled symbols) or in the 1% CO2 atmosphere (white-filled symbols). The y-axis 970 
represents the individual metabolites that were identified. The x-axis plots the log2-971 
transformed, relative ratio of abundance of each metabolite in each mutant sample, 972 
normalized to the same metabolite in the wild-type (WT) control sample. Results are 973 
presented as mean ± standard error. 974 
Figure 10. Effect of the mthd-rnai and mtkas mutations on the global gene expression 975 
profile.  976 
(A) The transcriptomes of the indicated genotypes, grown either in ambient air or in a 1% 977 
CO2 atmosphere were analyzed by RNA-Seq. The 6 comparisons of the transcriptome 978 
data of each genotype (arrowed) identified different number of differentially expressed 979 
genes (DEGs). 980 
(B) The relative abundances of individual transcripts of DEGs are compared between 981 
the mutant and wild-type (WT) plants, grown in either ambient air or in the 1% CO2 982 
atmosphere. The log2-transformed fold change between the mthd-rnai-1 mutant and WT 983 
plants is plotted against log2-transformed fold change between the mtkas-2 mutant and 984 
WT plants. 985 
Figure 11. Clustering and functional annotation analyses of genes that are differentially 986 
expressed in response to the two mtfas mutations.  987 
(A) Venn diagram representing the classification of differentially expressed genes (DEGs) 988 
responding to genotypes (G), environmental conditions (E) and interaction between 989 
genotypes and environmental conditions (GxE). Number of DEGs in each set and subset, 990 
and the gene expression clusters that belong to each subset (as defined in panel B) are 991 
indicated.  992 
(B) Categorization of the expression patterns of 13,514 DEGs among 34 different 993 
expression clusters. In each graph the y-axis represents the log2-transformed ratio 994 
between the expression value of each condition relative to the mean expression value 995 
across all six conditions. Each grey line indicates the expression pattern of an individual 996 
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DEG, and the bold black line identifies the average expression pattern of all genes in the 997 
cluster. The x-axis identifies the genotypes of the plants and environmental conditions 998 
under which they were grown. The code for the x-axis ordinances are: WA = wild-type 999 
plants in ambient air; hA = mthd-rnai-1 mutant in ambient air; kA = mtkas-2 mutant in 1000 
ambient air; WC = wild-type plants in the 1% CO2 atmosphere; hC = mthd-rnai-1 mutant 1001 
in the 1% CO2 atmosphere; and kC = mtkas-2 mutant in the 1% CO2 atmosphere. 1002 
(C) Categorization of each gene expression cluster (panel B) is associated with one of 1003 
five biological functions. These functions were heuristically determined from the average 1004 
differential expression pattern defined by each expression cluster. 1005 
 1006 
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main effects (i.e. G, E and GxE). Seven subsets are shown in column B.  1031 
 www.plantphysiol.orgon August 8, 2017 - Published by Downloaded from 
Copyright © 2017 American Society of Plant Biologists. All rights reserved.
 38
Supplemental Data 4. GO terms enriched in each gene cluster relative to biological 1032 
processes, subcellular components and molecular functions.  1033 
 1034 
ACKNOWLEDGEMENTS 1035 
The authors acknowledge Tracey Stewart and Randall Den Adel of the Microscopy and 1036 
NanoImaging Facility (Iowa State University, Ames, IA) for the light microscopy and 1037 
transmission electron microscopy analyses; Dr. Jiqing Peng of the Protein Facility (Iowa 1038 
State University) for characterization of ACP derivatives; BGI Americas (Cambridge, MA) 1039 
for library construction and RNA-Seq; Kouji Takano (RIKEN Center for Sustainable 1040 
Resource Science, Yokohama, Kanagawa, Japan) for technical assistance in obtaining 1041 
the lipidome data; Drs. Manhoi Hur and Eve Wurtele (Iowa State University) for 1042 
depositing metabolomics data into the PMR database; Drs. Wei Zhang, Peng Liu and 1043 
Wei Fang (Iowa State University) for help in the RNA-Seq data analysis; Drs. Alan Myers, 1044 
Thomas Bobik and Young-Jin Lee (Iowa State University) for technical support; Drs. 1045 
Lloyd Sumner (University of Missouri, Columbia, MO) and Richard Dixon (University of 1046 
North Texas, Denton, TX) for helpful discussions; and the WM Keck Metabolomics 1047 
Research Laboratory and the Confocal Microscopy Facility (Iowa State University) for 1048 
providing access to instrumentation in the metabolomic analyses and subcellular 1049 
localization studies, respectively. This work was partially supported by the National 1050 
Science Foundation (Awards IOS1139489, EEC0813570 and MCB0820823 to B.J.N.), 1051 
the State of Iowa, the Japan Science and Technology Agency Strategic International 1052 
Collaboration Research Program (SICORP), and RIKEN Pioneering Project Integrated 1053 
Lipidology. 1054 
 1055 
 1056 
 www.plantphysiol.orgon August 8, 2017 - Published by Downloaded from 
Copyright © 2017 American Society of Plant Biologists. All rights reserved.
Parsed Citations
ANDERS, S., PYL, P. T. & HUBER, W. 2015. HTSeq-a Python framework to work with high-throughput sequencing data.
Bioinformatics, 31, 166-9.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
ARMSTRONG, M. T., THEG, S. M., BRAUN, N., WAINWRIGHT, N., PARDY, R. L. & ARMSTRONG, P. B. 2006. Histochemical
evidence for lipid A (endotoxin) in eukaryote chloroplasts. FASEB J, 20, 2145-6.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
AUTIO, K. J., GULER, J. L., KASTANIOTIS, A. J., ENGLUND, P. T. & HILTUNEN, J. K. 2008a. The 3-hydroxyacyl-ACP dehydratase of
mitochondrial fatty acid synthesis in Trypanosoma brucei. FEBS Lett, 582, 729-33.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
AUTIO, K. J., KASTANIOTIS, A. J., POSPIECH, H., MIINALAINEN, I. J., SCHONAUER, M. S., DIECKMANN, C. L. & HILTUNEN, J. K.
2008b. An ancient genetic link between vertebrate mitochondrial fatty acid synthesis and RNA processing. FASEB J, 22, 569-78.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
BAUWE, H., HAGEMANN, M. & FERNIE, A. R. 2010. Photorespiration: players, partners and origin. Trends Plant Sci, 15, 330-6.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
BENNING, C. 2009. Mechanisms of lipid transport involved in organelle biogenesis in plant cells. Annu Rev Cell Dev Biol, 25, 71-
91.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
BERNARD, A., DOMERGUE, F., PASCAL, S., JETTER, R., RENNE, C., FAURE, J. D., HASLAM, R. P., NAPIER, J. A., LESSIRE, R. &
JOUBES, J. 2012. Reconstitution of plant alkane biosynthesis in yeast demonstrates that Arabidopsis ECERIFERUM1 and
ECERIFERUM3 are core components of a very-long-chain alkane synthesis complex. Plant Cell, 24, 3106-18.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
BOYES, D. C., ZAYED, A. M., ASCENZI, R., MCCASKILL, A. J., HOFFMAN, N. E., DAVIS, K. R. & GORLACH, J. 2001. Growth stage-
based phenotypic analysis of Arabidopsis: a model for high throughput functional genomics in plants. Plant Cell, 13, 1499-510.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
CARBON, S., IRELAND, A., MUNGALL, C. J., SHU, S., MARSHALL, B., LEWIS, S., AMI, G. O. H. & WEB PRESENCE WORKING, G.
2009. AmiGO: online access to ontology and annotation data. Bioinformatics, 25, 288-9.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
CHE, P., WURTELE, E. S. & NIKOLAU, B. J. 2002. Metabolic and environmental regulation of 3-methylcrotonyl-coenzyme A
carboxylase expression in Arabidopsis. Plant Physiol, 129, 625-37.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
CLAROS, M. G. & VINCENS, P. 1996. Computational method to predict mitochondrially imported proteins and their targeting
sequences. Eur J Biochem, 241, 779-86.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
CLOUGH, S. J. & BENT, A. F. 1998. Floral dip: a simplified method for Agrobacterium-mediated transformation of Arabidopsis
thaliana. Plant J, 16, 735-43.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
DATSENKO, K. A. & WANNER, B. L. 2000. One-step inactivation of chromosomal genes in Escherichia coli K-12 using PCR
products. Proc Natl Acad Sci U S A, 97, 6640-5.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
 www.plantphysiol.orgon August 8, 2017 - Published by Downloaded from 
Copyright © 2017 American Society of Plant Biologists. All rights reserved.
DE MORAES, L. M., ASTOLFI-FILHO, S. & OLIVER, S. G. 1995. Development of yeast strains for the efficient utilisation of starch:
evaluation of constructs that express alpha-amylase and glucoamylase separately or as bifunctional fusion proteins. Appl Microbiol
Biotechnol, 43, 1067-76.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
DELATTE, T., UMHANG, M., TREVISAN, M., EICKE, S., THORNEYCROFT, D., SMITH, S. M. & ZEEMAN, S. C. 2006. Evidence for
distinct mechanisms of starch granule breakdown in plants. J Biol Chem, 281, 12050-9.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
DING, G., CHE, P., ILARSLAN, H., WURTELE, E. S. & NIKOLAU, B. J. 2012. Genetic dissection of methylcrotonyl CoA carboxylase
indicates a complex role for mitochondrial leucine catabolism during seed development and germination. Plant J, 70, 562-77.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
DOUCE, R., BOURGUIGNON, J., NEUBURGER, M. & REBEILLE, F. 2001. The glycine decarboxylase system: a fascinating complex.
Trends Plant Sci, 6, 167-76.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
DURAN, A. L., YANG, J., WANG, L. & SUMNER, L. W. 2003. Metabolomics spectral formatting, alignment and conversion tools
(MSFACTs). Bioinformatics, 19, 2283-93.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
EARLEY, K. W., HAAG, J. R., PONTES, O., OPPER, K., JUEHNE, T., SONG, K. & PIKAARD, C. S. 2006. Gateway-compatible vectors
for plant functional genomics and proteomics. Plant J, 45, 616-29.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
EMANUELSSON, O., NIELSEN, H., BRUNAK, S. & VON HEIJNE, G. 2000. Predicting subcellular localization of proteins based on
their N-terminal amino acid sequence. J Mol Biol, 300, 1005-16.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
EWALD, R., KOLUKISAOGLU, U., BAUWE, U., MIKKAT, S. & BAUWE, H. 2007. Mitochondrial protein lipoylation does not exclusively
depend on the mtKAS pathway of de novo fatty acid synthesis in Arabidopsis. Plant Physiol, 145, 41-8.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
FACON, M., LIN, Q., AZZAZ, A. M., HENNEN-BIERWAGEN, T. A., MYERS, A. M., PUTAUX, J. L., ROUSSEL, X., D'HULST, C. &
WATTEBLED, F. 2013. Distinct functional properties of isoamylase-type starch debranching enzymes in monocot and dicot leaves.
Plant Physiol, 163, 1363-75.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
FANG, W., SI, Y., DOUGLASS, S., CASERO, D., MERCHANT, S. S., PELLEGRINI, M., LADUNGA, I., LIU, P. & SPALDING, M. H. 2012.
Transcriptome-wide changes in Chlamydomonas reinhardtii gene expression regulated by carbon dioxide and the CO2-
concentrating mechanism regulator CIA5/CCM1. Plant Cell, 24, 1876-93.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
FELL, D. A. 1992. Metabolic control analysis: a survey of its theoretical and experimental development. Biochem J, 286 ( Pt 2), 313-
30.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
FORSTER-FROMME, K., CHATTOPADHYAY, A. & JENDROSSEK, D. 2008. Biochemical characterization of AtuD from
Pseudomonas aeruginosa, the first member of a new subgroup of acyl-CoA dehydrogenases with specificity for citronellyl-CoA.
Microbiology, 154, 789-96.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
FRENTZEN, M. & GRIEBAU, R. 1994. Biosynthesis of Cardiolipin in Plant Mitochondria. Plant Physiol, 106, 1527-1532.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
 www.plantphysiol.orgon August 8, 2017 - Published by Downloaded from 
Copyright © 2017 American Society of Plant Biologists. All rights reserved.
GREENE, J. G. & GREENAMYRE, J. T. 1995. Characterization of the excitotoxic potential of the reversible succinate
dehydrogenase inhibitor malonate. J Neurochem, 64, 430-6.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
GRIEBAU, R. & FRENTZEN, M. 1994. Biosynthesis of Phosphatidylglycerol in Isolated Mitochondria of Etiolated Mung Bean (Vigna
radiata L.) Seedlings. Plant Physiol, 105, 1269-1274.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
GUAN, X., CHEN, H., ABRAMSON, A., MAN, H., WU, J., YU, O. & NIKOLAU, B. J. 2015. A phosphopantetheinyl transferase that is
essential for mitochondrial fatty acid biosynthesis. Plant J.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
GUAN, X. & NIKOLAU, B. J. 2016. AAE13 encodes a dual-localized malonyl-CoA synthetase that is crucial for mitochondrial fatty acid
biosynthesis. Plant J, 85, 581-93.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
GUEGUEN, V., MACHEREL, D., JAQUINOD, M., DOUCE, R. & BOURGUIGNON, J. 2000. Fatty acid and lipoic acid biosynthesis in
higher plant mitochondria. J Biol Chem, 275, 5016-25.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
GYGI, S. P., ROCHON, Y., FRANZA, B. R. & AEBERSOLD, R. 1999. Correlation between protein and mRNA abundance in yeast. Mol
Cell Biol, 19, 1720-30.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
HILTUNEN, J. K., CHEN, Z., HAAPALAINEN, A. M., WIERENGA, R. K. & KASTANIOTIS, A. J. 2010. Mitochondrial fatty acid synthesis--
an adopted set of enzymes making a pathway of major importance for the cellular metabolism. Prog Lipid Res, 49, 27-45.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
HSU, A. Y., POON, W. W., SHEPHERD, J. A., MYLES, D. C. & CLARKE, C. F. 1996. Complementation of coq3 mutant yeast by
mitochondrial targeting of the Escherichia coli UbiG polypeptide: evidence that UbiG catalyzes both O-methylation steps in
ubiquinone biosynthesis. Biochemistry, 35, 9797-806.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
HUR, M., CAMPBELL, A. A., ALMEIDA-DE-MACEDO, M., LI, L., RANSOM, N., JOSE, A., CRISPIN, M., NIKOLAU, B. J. & WURTELE, E.
S. 2013. A global approach to analysis and interpretation of metabolic data for plant natural product discovery. Nat Prod Rep, 30,
565-83.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
JAMES, D. W., JR., LIM, E., KELLER, J., PLOOY, I., RALSTON, E. & DOONER, H. K. 1995. Directed tagging of the Arabidopsis
FATTY ACID ELONGATION1 (FAE1) gene with the maize transposon activator. Plant Cell, 7, 309-19.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
JIN, H., SONG, Z. & NIKOLAU, B. J. 2012. Reverse genetic characterization of two paralogous acetoacetyl CoA thiolase genes in
Arabidopsis reveals their importance in plant growth and development. Plant J, 70, 1015-32.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
JING, F., CANTU, D. C., TVARUZKOVA, J., CHIPMAN, J. P., NIKOLAU, B. J., YANDEAU-NELSON, M. D. & REILLY, P. J. 2011.
Phylogenetic and experimental characterization of an acyl-ACP thioesterase family reveals significant diversity in enzymatic
specificity and activity. BMC Biochem, 12, 44.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
JOO, S. H., CHUNG, H. S., RAETZ, C. R. & GARRETT, T. A. 2012. Activity and crystal structure of Arabidopsis thaliana UDP-N-
acetylglucosamine acyltransferase. Biochemistry, 51, 4322-30.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
 www.plantphysiol.orgon August 8, 2017 - Published by Downloaded from 
Copyright © 2017 American Society of Plant Biologists. All rights reserved.
KARIMI, M., INZE, D. & DEPICKER, A. 2002. GATEWAY vectors for Agrobacterium-mediated plant transformation. Trends Plant Sci,
7, 193-5.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
KASTANIOTIS, A. J., AUTIO, K. J., SORMUNEN, R. T. & HILTUNEN, J. K. 2004. Htd2p/Yhr067p is a yeast 3-hydroxyacyl-ACP
dehydratase essential for mitochondrial function and morphology. Mol Microbiol, 53, 1407-21.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
KRYSAN, P. J., YOUNG, J. C. & SUSSMAN, M. R. 1999. T-DNA as an insertional mutagen in Arabidopsis. Plant Cell, 11, 2283-90.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
LI, C., GUAN, Z., LIU, D. & RAETZ, C. R. 2011. Pathway for lipid A biosynthesis in Arabidopsis thaliana resembling that of
Escherichia coli. Proc Natl Acad Sci U S A, 108, 11387-92.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
LI, L., ZHENG, W., ZHU, Y., YE, H., TANG, B., ARENDSEE, Z. W., JONES, D., LI, R., ORTIZ, D., ZHAO, X., DU, C., NETTLETON, D.,
SCOTT, M. P., SALAS-FERNANDEZ, M. G., YIN, Y. & WURTELE, E. S. 2015. QQS orphan gene regulates carbon and nitrogen
partitioning across species via NF-YC interactions. Proc Natl Acad Sci U S A, 112, 14734-9.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
LI-BEISSON, Y., SHORROSH, B., BEISSON, F., ANDERSSON, M. X., ARONDEL, V., BATES, P. D., BAUD, S., BIRD, D., DEBONO, A.,
DURRETT, T. P., FRANKE, R. B., GRAHAM, I. A., KATAYAMA, K., KELLY, A. A., LARSON, T., MARKHAM, J. E., MIQUEL, M., MOLINA,
I., NISHIDA, I., ROWLAND, O., SAMUELS, L., SCHMID, K. M., WADA, H., WELTI, R., XU, C., ZALLOT, R. & OHLROGGE, J. 2013. Acyl-
lipid metabolism. Arabidopsis Book, 11, e0161.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
LIN, Q., FACON, M., PUTAUX, J. L., DINGES, J. R., WATTEBLED, F., D'HULST, C., HENNEN-BIERWAGEN, T. A. & MYERS, A. M.
2013. Function of isoamylase-type starch debranching enzymes ISA1 and ISA2 in the Zea mays leaf. New Phytol, 200, 1009-21.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
LU, Y., SAVAGE, L. J., AJJAWI, I., IMRE, K. M., YODER, D. W., BENNING, C., DELLAPENNA, D., OHLROGGE, J. B., OSTERYOUNG,
K. W., WEBER, A. P., WILKERSON, C. G. & LAST, R. L. 2008. New connections across pathways and cellular processes:
industrialized mutant screening reveals novel associations between diverse phenotypes in Arabidopsis. Plant Physiol, 146, 1482-
500.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
LUND, S. P., NETTLETON, D., MCCARTHY, D. J. & SMYTH, G. K. 2012. Detecting differential expression in RNA-sequence data
using quasi-likelihood with shrunken dispersion estimates. Stat Appl Genet Mol Biol, 11.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
MARKHAM, J. E., LYNCH, D. V., NAPIER, J. A., DUNN, T. M. & CAHOON, E. B. 2013. Plant sphingolipids: function follows form. Curr
Opin Plant Biol, 16, 350-7.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
MCALLISTER, K. A., PEERY, R. B. & ZHAO, G. 2006. Acyl carrier protein synthases from gram-negative, gram-positive, and atypical
bacterial species: Biochemical and structural properties and physiological implications. J Bacteriol, 188, 4737-48.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
MEYER, E. H., HEAZLEWOOD, J. L. & MILLAR, A. H. 2007. Mitochondrial acyl carrier proteins in Arabidopsis thaliana are
predominantly soluble matrix proteins and none can be confirmed as subunits of respiratory Complex I. Plant Mol Biol, 64, 319-27.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
MILLAR, A. A., WRISCHER, M. & KUNST, L. 1998. Accumulation of very-long-chain fatty acids in membrane glycerolipids is
associated with dramatic alterations in plant morphology. Plant Cell, 10, 1889-902.
Pubmed: Author and Title
CrossRef: Author and Title  www.plantphysiol.orgon August 8, 2017 - Published by Downloaded from 
Copyright © 2017 American Society of Plant Biologists. All rights reserved.
Google Scholar: Author Only Title Only Author and Title
MUELLER, S. J. & RESKI, R. 2014. Evolution and communication of subcellular compartments: An integrated approach. Plant
Signal Behav, 9.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
MYERS, A. M., JAMES, M. G., LIN, Q., YI, G., STINARD, P. S., HENNEN-BIERWAGEN, T. A. & BECRAFT, P. W. 2011. Maize opaque5
encodes monogalactosyldiacylglycerol synthase and specifically affects galactolipids necessary for amyloplast and chloroplast
function. Plant Cell, 23, 2331-47.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
NAKAI, K. & HORTON, P. 1999. PSORT: a program for detecting sorting signals in proteins and predicting their subcellular
localization. Trends Biochem Sci, 24, 34-6.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
NETTLETON, D., HWANG, J. T. G., CALDO, R. A. & WISE, R. P. 2006. Estimating the number of true null hypotheses from a
histogram of p-values. Journal of Agricultural, Biological, and Environmental Statistics, 11, 337-356.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
NIELSEN, H., ENGELBRECHT, J., BRUNAK, S. & VON HEIJNE, G. 1997. Identification of prokaryotic and eukaryotic signal peptides
and prediction of their cleavage sites. Protein Eng, 10, 1-6.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
OHLROGGE, J. B. & JAWORSKI, J. G. 1997. Regulation of Fatty Acid Synthesis. Annu Rev Plant Physiol Plant Mol Biol, 48, 109-136.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
OKAZAKI, Y., NISHIZAWA, T., TAKANO, K., OHNISHI, M., MIMURA, T. & SAITO, K. 2015. Induced accumulation of
glucuronosyldiacylglycerol in tomato and soybean under phosphorus deprivation. Physiol Plant, 155, 33-42.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
OLSEN, J. G., RASMUSSEN, A. V., VON WETTSTEIN-KNOWLES, P. & HENRIKSEN, A. 2004. Structure of the mitochondrial beta-
ketoacyl-[acyl carrier protein] synthase from Arabidopsis and its role in fatty acid synthesis. FEBS Lett, 577, 170-4.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
PERERA, M. A., QIN, W., YANDEAU-NELSON, M., FAN, L., DIXON, P. & NIKOLAU, B. J. 2010. Biological origins of normal-chain
hydrocarbons: a pathway model based on cuticular wax analyses of maize silks. Plant J, 64, 618-32.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
PIGHIN, J. A., ZHENG, H., BALAKSHIN, L. J., GOODMAN, I. P., WESTERN, T. L., JETTER, R., KUNST, L. & SAMUELS, A. L. 2004.
Plant cuticular lipid export requires an ABC transporter. Science, 306, 702-4.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
QUANBECK, S. M., BRACHOVA, L., CAMPBELL, A. A., GUAN, X., PERERA, A., HE, K., RHEE, S. Y., BAIS, P., DICKERSON, J. A.,
DIXON, P., WOHLGEMUTH, G., FIEHN, O., BARKAN, L., LANGE, I., LANGE, B. M., LEE, I., CORTES, D., SALAZAR, C., SHUMAN, J.,
SHULAEV, V., HUHMAN, D. V., SUMNER, L. W., ROTH, M. R., WELTI, R., ILARSLAN, H., WURTELE, E. S. & NIKOLAU, B. J. 2012.
Metabolomics as a Hypothesis-Generating Functional Genomics Tool for the Annotation of Arabidopsis thaliana Genes of
"Unknown Function". Front Plant Sci, 3, 15.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
QUASTEL, J. H. & WOOLDRIDGE, W. R. 1928. Some properties of the dehydrogenating enzymes of bacteria. Biochem J, 22, 689-
702.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
RAETZ, C. R., REYNOLDS, C. M., TRENT, M. S. & BISHOP, R. E. 2007. Lipid A modification systems in gram-negative bacteria. Annu
Rev Biochem, 76, 295-329.
Pubmed: Author and Title
 www.plantphysiol.orgon August 8, 2017 - Published by Downloaded from 
Copyright © 2017 American Society of Plant Biologists. All rights reserved.
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
RAMUNDO, S., CASERO, D., MUHLHAUS, T., HEMME, D., SOMMER, F., CREVECOEUR, M., RAHIRE, M., SCHRODA, M., RUSCH, J.,
GOODENOUGH, U., PELLEGRINI, M., PEREZ-PEREZ, M. E., CRESPO, J. L., SCHAAD, O., CIVIC, N. & ROCHAIX, J. D. 2014.
Conditional Depletion of the Chlamydomonas Chloroplast ClpP Protease Activates Nuclear Genes Involved in Autophagy and
Plastid Protein Quality Control. Plant Cell, 26, 2201-2222.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
ROBINSON, M. D. & OSHLACK, A. 2010. A scaling normalization method for differential expression analysis of RNA-seq data.
Genome Biol, 11, R25.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
SAMUELS, L., KUNST, L. & JETTER, R. 2008. Sealing plant surfaces: cuticular wax formation by epidermal cells. Annu Rev Plant
Biol, 59, 683-707.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
SCHMID, M., DAVISON, T. S., HENZ, S. R., PAPE, U. J., DEMAR, M., VINGRON, M., SCHOLKOPF, B., WEIGEL, D. & LOHMANN, J. U.
2005. A gene expression map of Arabidopsis thaliana development. Nat Genet, 37, 501-6.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
SCHMOLLINGER, S., MUHLHAUS, T., BOYLE, N. R., BLABY, I. K., CASERO, D., METTLER, T., MOSELEY, J. L., KROPAT, J.,
SOMMER, F., STRENKERT, D., HEMME, D., PELLEGRINI, M., GROSSMAN, A. R., STITT, M., SCHRODA, M. & MERCHANT, S. S.
2014. Nitrogen-Sparing Mechanisms in Chlamydomonas Affect the Transcriptome, the Proteome, and Photosynthetic Metabolism.
Plant Cell, 26, 1410-1435.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
SEVENO, M., SEVENO-CARPENTIER, E., VOXEUR, A., MENU-BOUAOUICHE, L., RIHOUEY, C., DELMAS, F., CHEVALIER, C.,
DRIOUICH, A. & LEROUGE, P. 2010. Characterization of a putative 3-deoxy-D-manno-2-octulosonic acid (Kdo) transferase gene
from Arabidopsis thaliana. Glycobiology, 20, 617-28.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
SHINTANI, D. K. & OHLROGGE, J. B. 1994. The characterization of a mitochondrial acyl carrier protein isoform isolated from
Arabidopsis thaliana. Plant Physiol, 104, 1221-9.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
SI, Y., LIU, P., LI, P. & BRUTNELL, T. P. 2014. Model-based clustering for RNA-seq data. Bioinformatics, 30, 197-205.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
SMITH, A. M. & ZEEMAN, S. C. 2006. Quantification of starch in plant tissues. Nat Protoc, 1, 1342-5.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
SMITH, S., WITKOWSKI, A. & JOSHI, A. K. 2003. Structural and functional organization of the animal fatty acid synthase. Prog Lipid
Res, 42, 289-317.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
SOMERVILLE, C. R. & OGREN, W. L. 1979. A phosphoglycolate phosphatase-deficient mutant of Arabidopsis. Nature, 280, 833-36.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
STOREY, J. D. 2002. A direct approach to false discovery rates. Journal of the Royal Statistical Society, 479-498.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
TAYLOR, N. L., HEAZLEWOOD, J. L., DAY, D. A. & MILLAR, A. H. 2004. Lipoic acid-dependent oxidative catabolism of alpha-keto
acids in mitochondria provides evidence for branched-chain amino acid catabolism in Arabidopsis. Plant Physiol, 134, 838-48.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title  www.plantphysiol.orgon August 8, 2017 - Published by Downloaded from 
Copyright © 2017 American Society of Plant Biologists. All rights reserved.
TIAN, Q., STEPANIANTS, S. B., MAO, M., WENG, L., FEETHAM, M. C., DOYLE, M. J., YI, E. C., DAI, H., THORSSON, V., ENG, J.,
GOODLETT, D., BERGER, J. P., GUNTER, B., LINSELEY, P. S., STOUGHTON, R. B., AEBERSOLD, R., COLLINS, S. J., HANLON, W.
A. & HOOD, L. E. 2004. Integrated genomic and proteomic analyses of gene expression in Mammalian cells. Mol Cell Proteomics, 3,
960-9.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
TIMMIS, J. N., AYLIFFE, M. A., HUANG, C. Y. & MARTIN, W. 2004. Endosymbiotic gene transfer: organelle genomes forge eukaryotic
chromosomes. Nat Rev Genet, 5, 123-35.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
TJELLSTROM, H., STRAWSINE, M. & OHLROGGE, J. B. 2015. Tracking synthesis and turnover of triacylglycerol in leaves. J Exp
Bot.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
TRAPNELL, C., PACHTER, L. & SALZBERG, S. L. 2009. TopHat: discovering splice junctions with RNA-Seq. Bioinformatics, 25,
1105-11.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
VOLL, L. M., JAMAI, A., RENNE, P., VOLL, H., MCCLUNG, C. R. & WEBER, A. P. 2006. The photorespiratory Arabidopsis shm1
mutant is deficient in SHM1. Plant Physiol, 140, 59-66.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
WADA, H., SHINTANI, D. & OHLROGGE, J. 1997. Why do mitochondria synthesize fatty acids? Evidence for involvement in lipoic
acid production. Proc Natl Acad Sci U S A, 94, 1591-6.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
WADA, M., YASUNO, R., JORDAN, S. W., CRONAN, J. E., JR. & WADA, H. 2001. Lipoic acid metabolism in Arabidopsis thaliana:
cloning and characterization of a cDNA encoding lipoyltransferase. Plant Cell Physiol, 42, 650-6.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
WATTEBLED, F., DONG, Y., DUMEZ, S., DELVALLE, D., PLANCHOT, V., BERBEZY, P., VYAS, D., COLONNA, P., CHATTERJEE, M.,
BALL, S. & D'HULST, C. 2005. Mutants of Arabidopsis lacking a chloroplastic isoamylase accumulate phytoglycogen and an
abnormal form of amylopectin. Plant Physiol, 138, 184-95.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
WHITE, S. W., ZHENG, J., ZHANG, Y. M. & ROCK, C. O. 2005. The structural biology of type II fatty acid biosynthesis. Annu Rev
Biochem, 74, 791-831.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
WINTER, D., VINEGAR, B., NAHAL, H., AMMAR, R., WILSON, G. V. & PROVART, N. J. 2007. An "Electronic Fluorescent Pictograph"
browser for exploring and analyzing large-scale biological data sets. PLoS One, 2, e718.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
YASUNO, R., VON WETTSTEIN-KNOWLES, P. & WADA, H. 2004. Identification and molecular characterization of the beta-ketoacyl-
[acyl carrier protein] synthase component of the Arabidopsis mitochondrial fatty acid synthase. J Biol Chem, 279, 8242-51.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
YASUNO, R. & WADA, H. 1998. Biosynthesis of lipoic acid in Arabidopsis: cloning and characterization of the cDNA for lipoic acid
synthase. Plant Physiol, 118, 935-43.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
ZEEMAN, S. C., UMEMOTO, T., LUE, W. L., AU-YEUNG, P., MARTIN, C., SMITH, A. M. & CHEN, J. 1998. A mutant of Arabidopsis
lacking a chloroplastic isoamylase accumulates both starch and phytoglycogen. Plant Cell, 10, 1699-712.
Pubmed: Author and Title
CrossRef: Author and Title
 www.plantphysiol.orgon August 8, 2017 - Published by Downloaded from 
Copyright © 2017 American Society of Plant Biologists. All rights reserved.
Google Scholar: Author Only Title Only Author and Title
ZENSEN, R., HUSMANN, H., SCHNEIDER, R., PEINE, T. & WEISS, H. 1992. De novo synthesis and desaturation of fatty acids at the
mitochondrial acyl-carrier protein, a subunit of NADH:ubiquinone oxidoreductase in Neurospora crassa. FEBS Lett, 310, 179-81.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
ZHANG, L., JOSHI, A. K., HOFMANN, J., SCHWEIZER, E. & SMITH, S. 2005. Cloning, expression, and characterization of the human
mitochondrial beta-ketoacyl synthase. Complementation of the yeast CEM1 knock-out strain. J Biol Chem, 280, 12422-9.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
ZHANG, M., FAN, J., TAYLOR, D. C. & OHLROGGE, J. B. 2009. DGAT1 and PDAT1 acyltransferases have overlapping functions in
Arabidopsis triacylglycerol biosynthesis and are essential for normal pollen and seed development. Plant Cell, 21, 3885-901.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
ZHU, H., GONZALEZ, R. & BOBIK, T. A. 2011. Coproduction of acetaldehyde and hydrogen during glucose fermentation by
Escherichia coli. Appl Environ Microbiol, 77, 6441-50.
Pubmed: Author and Title
CrossRef: Author and Title
Google Scholar: Author Only Title Only Author and Title
 www.plantphysiol.orgon August 8, 2017 - Published by Downloaded from 
Copyright © 2017 American Society of Plant Biologists. All rights reserved.
